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ABSTRACT

ADAPTING SMALL UNMANNED AERIAL SYSTEMS FOR BEHAVIORAL RESEARCH
WITH COASTAL MARINE MAMMALS
by
Eric Angel Ramos

Advisor: Professor Diana Reiss

Marine mammals inhabit aquatic worlds where their subsurface behavior, cryptic surface
profiles, and movements make them difficult to study. New tools are needed to study coastal
marine mammals in a world increasing impacted by climate change related shifts in weather and
animal distribution patterns. Unmanned aerial systems (UAS) are important remote-sensing tools
for studying a range of wildlife including terrestrial and aquatic flora and fauna. These systems
offer flexible platforms for adding sensor packages needed for different applications, for
example, most are equipped with high-resolution cameras and GPS sensors. The vantage point
from an aerial platform dramatically improves the ability to directly observe marine mammal
behavior. However, to date, there are no studies using small UAS to investigate the behavior of
coastal marine mammals, in particular, the bottlenose dolphin (Tursiops truncatus) and the
Endangered Antillean manatee (Trichechus manatus manatus). The conservation and
management of marine mammals can be resource-intensive and challenging, often resulting in a
lack of important contextual information on the abundance, distribution, and threats faced by
local populations. Fine-scale quantitative information on the importance of different habitats to

iv

dolphin populations is often lacking because animals spend most of their time underwater
requiring inferences from surface behaviors to determine their activity. Small multirotor UAS
offer low-cost systems that can be effectively used to observe animal behavior at the surface and
subsurface several meters down. In the shallow, clear waters of the Caribbean coast of Central
America, these systems should enable researchers to directly track dolphins and manatees
underwater. However, the efficacy of small UAS for tracking these species and gathering crucial
information on their presence and activity has not yet been examined. The overarching goal of
my dissertation is to: 1) develop methodology for using small UAS to study the behavioral
ecology of free-ranging coastal marine mammals; 2) use UAS-derived data to test hypotheses
regarding bottlenose dolphin habitat use and behavior in an offshore marine reserve; and 3) use
the findings of our study to make key recommendations on regulations governing protections for
marine mammals. The methodology developed in these studies will facilitate the development of
UAS-studies for marine mammals.
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Chapter 1: Unmanned Aerial Systems (UASs) as a Tool for Evaluating the Impacts of
Behavioral Disturbance on Marine Mammals 1
Abstract
Evaluating the impacts of human activity on marine mammals requires reliable methods
of detecting and characterizing the behavioral responses of animals to anthropogenic sources,
and assessments of their effects at the individual- and population-level. Decisions regarding
which platforms of observation and methodologies to employ are particularly crucial to the
experimental design of studies examining the impacts of behavioral disturbance. Due to their
varied ecological needs and life history strategies, most species of marine mammals spend the
majority of their time underwater where their behavior is difficult to observe. Thus, evaluating
the impacts of these harmful interactions demands the innovation of new methods and tools to
improve our capacity to quantitatively assess their behavioral responses to disturbance stimuli.
Unmanned aerial systems (UASs) equipped with the appropriate sensors offer the capacity to
gather high-resolution aerial observations of most marine mammals, unlike most traditional
methods. Prior to their deployment for studies of animal behavior, careful considerations must be
addressed regarding their strengths and limitations, system components, and research protocol. In
this article, I discuss the potential of UASs as observational platforms and data-gathering tools
relative to traditional techniques of examining behavioral impacts, and propose UASs can serve
as a powerful tool to complement and enhance traditional methods of evaluating the effects of
behavioral disturbance on marine mammals. I provide recommendations on their implementation
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for behavioral observations and measurements of response variables, and outline their strengths
and weaknesses in investigations of the short- and long-term effects of disturbance to animals
and their populations in response to various disturbance sources, and specifically from naturebased tourism and anthropogenic noise. UASs will rapidly become a critical tool in
anthropogenic impact studies on marine mammals and I recommend that scientists and
practitioners conduct empirical assessments of the functioning of various systems prior to
implementation for behavioral studies to develop best practices for their non-invasive use.
Introduction
Marine mammals must contend with the increasingly detrimental effects of human
activities in the ocean including climate change related changes, injury or death from bycatch,
and harmful behavioral disturbance that can impact animal fitness and population health (e.g.,
Wells & Scott, 1997; Lusseau, 2004; Read et al., 2006; Simmonds & Isaac, 2007; Jefferson et
al., 2009). Mitigating the negative effects of these anthropogenic activities requires knowledge of
the links between sources of impacts and animal responses, and of the mechanisms by which
harmful effects manifest in marine animal populations at varying spatio-temporal scales.
Sometimes the sources of harmful impacts are discrete in time and/or their presence and
subsequent effects are identifiable, for instance, in individual whale responses to naval sonar
(e.g., Barlow et al., 2006; Cox et al., 2006; Tyack et al., 2011) or population effects on species in
the region affected by the Deepwater Horizon oil spill (e.g., Williams et al., 2011b; Lane et al.,
2015). Determining the effects of behavioral disturbance from specific anthropogenic sources is
often complicated by challenges in detecting the direct and indirect mechanisms of sub-lethal
effects, and how these cumulatively translate to long-term population consequences given they
do not typically result in animal death (Read et al., 2006; Lusseau, 2014). Disentangling the
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causes and consequences of disturbance responses is crucial to delineating conservation priorities
for the management of marine mammal populations through the development of effective
regulatory measures to mitigate harm (Lusseau, 2006a; Lusseau & Bejder, 2007; Williams et al.,
2011a), while minimizing erroneous links between benign stimuli and risk of harm (Gill, 2007).
Examining and long-term consequences of behavioral disturbance on marine mammals
requires an understanding of their immediate and cumulative negative effects through a
combination of direct measurements of animal responses to anthropogenic stimuli and specific
population parameters indicative of harm (Williams et al., 2002b; Bejder et al., 2009). The
design of effective assessments of behavioral disturbance typically requires generating
hypothesis-based field experiments to constrain the short-term responses of animals to specific
disturbance stimuli (Bejder & Samuels, 2003), for example, in response to playback of sonar
(e.g., Tyack et al., 2011) or experimental boat approaches (e.g., Lemon et al., 2006). Studies of
vessel impacts on cetaceans from nature-based tourism (e.g., Lusseau, 2003a, 2003b;
Constantine et al., 2004) depend on gathering systematic data on animal behavior through direct
observations of individuals and groups at the surface in response to human activity from a useful
vantage point such as a boat near the animals or from shore (e.g., Bejder, 1999). However,
determining the relationship between human activities and the behavior of affected animals is
inherently limited in many regions and species, as most marine mammals spend the majority of
their lives submerged underwater where the effectiveness of shore- and boat-based observations
are limited by a variety of interconnected biological and environmental factors (e.g., group size,
behavior, sea state). Subsurface behaviors are largely unseen and unstudied in absence of the
precision of animal-borne tag data essential for investigating subsurface behaviors (e.g.,
Calambokidis et al., 2007; Stimpert et al., 2007) and tracking movements (e.g., Watkins et al.,
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1993; Zerbini et al., 2006; Bailey et al., 2009) of individuals of various marine mammal species.
However, their costs and associated logistical challenges (e.g., deployment, retrieval) restricts
their use with many species and is limited to small numbers of animals resulting in small sample
sizes. Collectively, these challenges result in minimal ability to use existing methodologies to
collect measures of biologically significant changes in target animals or populations in response
to a specific source (Bejder et al., 2009; New et al., 2015). Thus, the development of remotesensing technologies with multi-sensory, high-resolution data-gathering capacities are
desperately needed to evaluate the effects of anthropogenic disturbance on marine mammal
behavior.
Unmanned aerial systems (UASs) or drones are increasingly being adapted as tools for
remote-sensing and monitoring of wildlife (Linchant et al., 2015). UASs consist of: an unmanned
aerial vehicle (UAV) of a fixed-wing (FW) or rotary-wing/vertical takeoff and lift (VTOL)
design, a method of piloting the craft (e.g., preprogrammed flight or remote-control by pilot),
and various other components of concern such as UAV-mounted sensors and payload capacities.
Most wildlife monitoring studies using UASs published thus far concern ecological monitoring
and research with terrestrial mammals (Israel, 2011; Vermeulen et al., 2013; Ditmer et al., 2015)
and birds (Chabot & Bird, 2012; Rodriguez et al., 2012; Sarda-Palomera et al., 2012;
Weissensteiner et al., 2015), providing support for their flexibility as multi-sensor data-collection
tool for a wide array of habitats, species, and applications (Jones et al., 2006; Watts et al., 2010;
Koh & Wich, 2012; Whitehead et al., 2014).
The rapid proliferation of UASs in scientific applications with marine mammal species
from a broad range of taxa has largely concerned studies employing aerial photogrammetry and
animal detection and counts for population censuses (e.g., Martin et al., 2012; Hodgson et al.,
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2013; Pomeroy et al., 2015; Durban et al., 2015; Koski et al., 2015; Moreland et al., 2015). In
many cases, animal observations from UASs equipped with a payload of high-resolution imaging
hardware and sensor types (e.g., cameras with lenses of sufficient focal length and speed) can
provide a wealth of high-quality data in their vertical photography capacities, at lower cost than
most traditional observational methods. Their drastically reduced environmental and sound
footprint relative to boats, and capability to gather observations from a distance to the target
animals and the research vessel, reduces the likelihood of a UAV causing behavioral or
physiological disturbance in target animals (Anderson et al., 2013; Linchant et al., 2015). While
currently there are relatively few published studies employing UASs with marine mammals, their
low cost, ease-of-use, and flexibility as an observational platform supports their future
importance as a tool for marine mammal research and studies evaluating the impacts of
behavioral disturbance to their well-being.
Before UASs can be successfully applied to investigations of marine mammal behavior,
operators must carefully evaluate their strengths and weaknesses as a tool for behavioral
observations and examine their effectiveness compared to traditional methods, given their
unknown potential for impacting animals and limited realized applications to questions
concerning behavior or assessments of anthropogenic impacts. Numerous recent reviews provide
detailed discussions of the application of UASs to wildlife monitoring and management (Ogden,
2013; Linchant et al., 2013, Linchant et al., 2015), and emphasize the compromises in system
types, functionalities, and operational costs with varying system types. For marine mammals,
UAS studies have resulted in articles providing information and inventories on UAV models
(Koski et al., 2010; Bennet et al., 2015); assessments of FW applicability to offshore studies
(Koski et al., 2010); a review of the potential impacts of UASs use (Smith et al., 2016); and a
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variety of studies evaluating their effectiveness for specific biological applications (e.g., Durban
et al., 2015; Moreland et al., 2015). The application of UASs to the study of marine mammal
behavior has not been thoroughly investigated. Current assessments of behavioral responses
using VTOLs or FW largely concern evaluations of craft effects on target animals through
visible behavioral responses (e.g., Koski et al., 2015). To my knowledge, UASs has not been
employed to explore the effects of behavioral disturbance on marine mammals.
In this article, I critically evaluate the ways in which UASs can serve as a tool to
complement and advance the capacities of traditional methodological approaches of investigating
the behavioral impacts of anthropogenic activity on marine mammals, particularly through the
capacity for gathering fine-grained behavioral data via aerial observations. I reviewed the
literature concerning anthropogenic impacts on marine mammals to highlight the strengths and
weaknesses in traditional platforms and methods of conducting animal observations in
assessments of behavioral disturbance compared to UASs. In my discussion, I consider decisions
influencing UAS-uses (e.g., animal detection, following groups and estimating group size), their
capacity for characterizing behavioral responses to different anthropogenic disturbance stimuli;
and potential for quantifying short- and long-term effects of disturbance on marine mammals.
Finally, I outline ways in which investigations of the impacts from whale-watching activities and
anthropogenic noise can effectively integrate UASs into their toolbox, synergistic with existing
methods and enhancing our ability to evaluate the temporary and long-lasting repercussions of
disturbance.
Investigating the impacts of behavioral disturbance on marine mammals
Elucidating the adverse effects of behavioral disturbance to wildlife requires an
understanding of animal experiences with the diverse forms of disturbance stimuli they
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encounter and the magnitude of effects of these interactions. Human activity causes disturbance
to animals when they change their behavior in response to unnatural anthropogenic stimuli, and
these stimuli are thought to be perceived as a form of predation risk (Lima & Dill, 1990; Lima,
1998; Frid & Dill, 2002), with sub-lethal effects that have the potential to elicit a variety of
energetically costly anti-predator strategies like fleeing (Frid & Dill, 2002), but that are not
always easy to detect. For example, injury from watercraft collision is a direct, discrete, and
potentially lethal effect, lending itself to easier measurement and detection, if carcasses or
injured animals are found, than the long-term effects of chronic repeated behavioral disturbance
from animal-vessel interactions (Beale & Monaghan, 2004; Bejder et al., 2006b). The perception
of predation risk impels animals to make multiple decisions influencing their activities, such as
assessing the relative costs and benefits of leaving an area by appraising area quality, alternative
resources, threat from predators, and competition with conspecifics (Lima & Zollner, 1996; Gill
et al., 2001; Frid & Dill, 2002). For most animals, the primary impact of disturbance is the
reduction of access to valuable resources (Frid & Dill, 2002; Bejder et al., 2009). Depending on
the physiological state of an individual and the critical habitat and resources available to it, it
may decide to move to avoid disturbance, leaving animals that have limited chances to avoid the
disturbance because of few alternative resources or health too poor to flee (Gill et al., 2001).
Animals fleeing prior to the presumed onset of a disturbance may be missed entirely (Bejder et
al., 2006a), resulting in some potentially long-lasting but undetected effects. These effects can
impact marine ecosystems through trophic cascades starting with changes in the behavior of
some marine predators like marine mammals (Byrnes et al., 2006; Heithaus et al., 2008; Madin
et al., 2010; Madin et al., 2016).
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Most studies capable of linking harmful behavioral responses of marine mammals to
anthropogenic activity examine short-term behavioral changes in response to disturbance, such
as short-term disruptions to behavioral activity that can result in energetic losses (e.g., Williams
et al., 2006) or population-level effects such as reductions in population size (e.g., Bejder et al.,
2009). Detrimental behavioral and physiological effects of disturbance typically accrue during
repeated exposures to a stimulus in interactions causing immediate responses (e.g., Lusseau,
2003a, 2003b). Persistent behavioral disturbance has been shown to reduce the survival rate and
reproductive fitness of members of a population (e.g., Bejder et al., 2006b). Identifying
population impacts and its causes requires careful consideration of the effects of disturbance on
an animal’s access to resources, and an understanding of population heterogeneity in life history
and foraging strategies across different marine mammal species (Senigaglia et al., 2016). For
example, given that female cetaceans dedicate the majority of their energetic intake and
expenditure on their calves when traveling with dependent young (Whitehead & Mann, 2000),
repeated disruptions of foraging activity from boat approaches could cause major harm if they
result it in reduced prey capture, lost foraging opportunities, or less time available for nursing
(Bejder, et al., 2006b; Stensland & Berggren, 2007). Some species are more susceptible to
negative long-term consequences of behavioral disruptions, for example, to meet their high
energetic demands harbor porpoises (Phocoena phocoena) must forage almost continuously
throughout day and night, suggesting small disturbances can result in deleterious impacts to their
fitness (Wisniewska et al., 2016). Similarly, disruption of social behavior in conspecific
interactions due to repeated disturbance, or loss of sensitive individuals from direct take or
because animals were somehow compelled to leave the area, can negatively influence population
dynamics (Wade et al., 2012).
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Whether these sub-lethal impacts are acute or chronic in nature, making direct causal
links between the occurrence of a disturbance and its harmful consequences to animal fitness is a
challenge, in large part because of the limitations of current platforms of observation
(Christiansen et al., 2013; Lima et al., 2015). Responses to both lethal and sub-lethal threats tend
to be generalized, reducing the likelihood of eventual habituation of animals in relation to human
presence (Christiansen & Lusseau, 2014). While animals often react to disturbance with
detectable responses such as changes in swim speed or behavioral activity changes, they are also
impacted in subtle ways that do not manifest in easily detected behaviors (Beale & Monaghan,
2004). The challenge in examining changes in behavioral processes of animals over time can
lead to misinterpretations of increased tolerance as increased habituation of animals through the
erroneous assumption that reductions in animal responses to disturbances signify benign
consequences (Bejder et al., 2009). Characterizing these effects overcoming methodological
constraints and creating study designs effective for identifying disturbance stimuli and the extent
of their varied influences on animals within biologically meaningful frameworks (Lusseau &
Bejder, 2007).
Information on the context of animal exposure to anthropogenic disturbance stimuli of
varying magnitudes, and in varied environmental conditions, are needed concurrent with highquality behavioral observations of animals to accurately identify the biological effects of
disturbance given individuals tend to demonstrate context-specific responses and interspecific
variability in behavioral effects (Lusseau & Bejder, 2007; Senigaglia et al., 2016). Identifying if
these disturbance responses result in fitness costs that translate to long-lasting population-level
effects has been accomplished using information on their immediate responses to approaching
vessels at the surface and data acquired through long-term study of populations where available
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(e.g., Bejder et al., 2009; Lusseau, 2006). However, in most cases these types of data are
unavailable, and studies of their short-term responses are the best option for the rapid
assessments sometimes required by managing or governing authorities before instituting
protections for a population. Many studies lack the observational capacity, experimental controls,
or sample sizes necessary to identify these changes and demonstrate causal relationships between
disturbance stimuli and quantifiable effects (Gill et al., 1996; Sutherland, 1996). For example,
though the negative impacts of the whale-watching industry has been investigated in numerous
studies, population declines in cetaceans as a result of interactions with tour boats has only been
demonstrated in a handful of studies to date (e.g., Bejder et al., 2006b; Fortuna, 2006; Lusseau et
al., 2006). Thus, a key determination in assessment of both short- and long-term behavioral
impacts is the choice of platforms of observation for identifying animal responses and
characterizing concurrent sources of disturbance.
Platforms of observation
The choice of a method for animal detection and a suitable platform of observation is
crucial when designing a study to gather systematic behavioral data on marine mammals, and
largely dictates the kinds of investigations that are feasible to conduct. Platforms of observation
generally fall into, but are not limited to, one of the following categories: visual (e.g., aerial,
boat, shore, satellite), acoustic (e.g., passive or active; towed or stationary), or biologging (e.g.,
animal bourne-tags). Each platform comes with a host of strengths and limitations dictated by
factors including the ecological needs and life history strategies of the species of interest, and the
spatial scale and magnitude of anthropogenic activity (e.g., seismic surveys vs. boat traffic).
Depending on protocol, observers may need to locate and remain in relatively close proximity to
animals (e.g., 20–150 m) using boats or remotely-sensed data gathered at varying distances from
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the animals (e.g., identification from satellite imagery vs. visual boat-based monitoring). Studies
evaluating the effects of anthropogenic disturbance stimuli on the visible and quantifiable
behavior of marine mammals depend largely on boat-based data collection where multiple
observers can monitor the water’s surface while remaining in close enough proximity to focal
animals for direct observations of responses. One of the major strengths of UASs compared to
traditional platforms of observation are their visual capacities, and because this article concerns
studies of behavioral disturbance in response to anthropogenic activity, I focus my discussion on
comparison of UAS to traditional visual platforms of observation of surface and subsurface
activity (i.e., shore-, boat-, and aerial- platforms).
Depending on their behavioral activity and the characteristics of their habitats, animals
may dive for long periods of time, making subsurface behaviors generally unobservable and
leaving surface observations as the best option for capturing data to construct robust behavioral
activity budgets of individual animals, unless animal-borne tags are deployed. Vertical and
horizontal movements throughout the water column differ across taxa (e.g., shallow-water
dependent manatees vs. deep-diving whales). For example, cetaceans and sirenians in particular
are challenging to surveil due to their fully-aquatic life styles, compared to pinnipeds that spend
part of their lives on land. In deep-diving animals, repeatedly identifying the same animal at the
surface is only feasible during surface intervals between dives, limiting studies of behavior in
absence of important life history data. Group size also mediates the ability to keep track of
animal movements at the individual and group scale. For example, large groups of pelagic
delphinids may remain at the surface, and observable at and just below the surface for longer
periods of time than small groups because at any given point some animals will be surfacing.
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Manned aerial surveys provide a useful vantage point and platform for gathering imagery
of marine mammals, particularly in offshore habitats (Koski et al., 2010), and as an effective
means of identifying anthropogenic threats to many species (dugong: Bayliss, 1986; Marsh et al.,
2004). The primary use of aerial surveys in anthropogenic impact assessments is to characterize
abundance, density, and distribution of populations. However, aerial surveys are expensive and
potentially dangerous (Koski et al., 2007; Koski et al., 2009; Linchant et al., 2015) being the
leading cause of death for field biologists (Sasse, 2003). They are generally ineffective at
monitoring behavior, providing only snapshots of activity through still imagery unless piloted to
circle around an area. Their inability to fly at low altitudes, maintain a fixed position above
animals, and the high likelihood of inducing behavioral disturbance from aircraft sounds (e.g.,
Würsig et al., 1988; Patenaude et al., 2002) limits the use of manned aerial flights for
contextualizing dynamic fine-grained behavior and group activity primarily to large mysticetes
(Würsig et al., 1989) or broad spatial movements of smaller species, making them largely
unsuitable for the surface observations needed to investigate behavioral disturbance (Richardson
& Würsig, 1997; Patenaude et al., 2002).
Shore-based observations of marine mammals are valuable in instances when animals can
be identified and tracked within sight of land in regions where anthropogenic activity occurs,
typically using theodolites to non-invasively gather precise distance measurements in the
horizontal and vertical planes (e.g., Bejder & Dawson, 2011; Sagnol et al., 2015). Theodolite
measurements facilitate behavioral quantification from afar through precise estimates of
distances traveled, direction and speed of an animal movement, and dive/surface intervals
(Würsig et al., 1991). This perspective enables detailed investigations of direct behavioral
responses to anthropogenic stimuli of surfacing animals (Baker & Herman, 1989; Kruse, 1991;
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Bejder et al., 1999) through measurement of various movement and socially-mediated behavioral
response variables (e.g., orientation, swim speed) (Bejder et al., 1999; Timmel at al., 2008;
Courbis & Timmel, 2009), while reducing the potentially confounding effects of the presence of
a research vessel (Godwin et al., 2016). For example, Bejder et al. (1999) evaluated the
potentially harmful consequences of human swimmers and dolphin-watching boats on Hector's
dolphins (Cephalorhynchus hectori) by measuring the short-term behavioral reactions of
dolphins to their presence. Kruse (1991) used theodolite observations to demonstrate that
approaching boats caused Killer whales (Orcinus orca) in Johnston Strait, British Columbia to
alter their movement patterns, increase their swim speeds, and change swim directions. Coupling
visual and acoustic methods of evaluating behavioral responses to anthropogenic stimuli,
Koschinski et al. (2003) acquired precise measurements of animal location in relation to the
playback of wind-turbine noise to evaluate the behavioral reactions of harbor porpoises and
harbor seals (Phoca vitulina) to the acoustic stimulus. However, the accuracy of shore-based
platforms for animal detection decreases drastically with distance from shore (Findlay & Best,
1996; Perryman et al., 2002) and their uses are limited in numerous circumstances, for example:
low elevation coastal areas; offshore habitats; changing ecological and environmental conditions;
and with species where groups spread spatially across large areas. Additionally, observers on
shore are more likely to miss animal surfacings and short intermittent diver behaviors that can
result in skewed breathing rates and bias investigations dependent on measuring dive intervals
(Godwin et al., 2016).
Boats provide a flexible platform for conducting visual observations of animals and
depending on their size and design, are typically suitable for deploying various data-gathering
sensors including hydrophones for acoustic recordings and instrument packages like CTDs for
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measuring oceanographic variables like conductivity, depth, and temperature; data that can be
coupled with sightings and environmental data to better interpret ecological factors influencing
marine mammal behavior (e.g., Panigada et al., 2008). Boat surveys generally provide more time
searching for animals than aerial surveys, and better ability to track animal movements far away
from shore compared to land-based observations, but are limited in their spatial scope compared
to other remote-sensing techniques such as animal-bourne tags. Observations from boats are
useful in characterizing the behavioral responses on animals to commercial vessel including tour
boats and large ships (e.g., Lusseau, 2003a), and coupled with passive acoustic recordings,
provide insight into the impacts of anthropogenic noise on marine animals (May-Collado &
Quinones-Lebron, 2014). Both shore and boat-based observations are inherently limited at the
surface by an inability to determine whether the observable components of surface behavior of
animals provide an accurate and robust picture of their subsurface activity (Mann, 1999).
Because of this limitation, the methods of observations and systematic sampling of animal
behavior from boats can vary drastically depending on the species of study, the kind of
anthropogenic activity, and its potential impacts (Mann, 1999). For example, while reliably
tracking bottlenose dolphin (Tursiops spp.) groups for hours in shallow habitats is feasible (e.g.,
Mann et al., 2000), deep-diving beaked whales (Ziphiidae spp.) dive for upwards of an hour in
pelagic habitats and are only detectable at the surface for short periods, allowing a robust picture
of one species while providing minimal data on another. Additionally, given that many of the
threats marine mammals face originate in boat activity, the use of research vessels on focal
animals can confound the accurate identification of impacts to non-research related vessels.
Thus, while the various visual observational platforms for identifying behavioral responses in
marine mammals have been suitable for many investigations, innovations in platforms such
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UASs have the capacity to overcome many of the shortcomings of traditional methods, typically
at much lower cost, but require exploration and trialing to evaluate their suitability for specific
investigations.
Unmanned aerial systems (UASs) and design
While there is a long tradition of UASs deployment in the military, only in recent years
has the technology become cost-effective and widely accessible for widespread civilian and
scientific applications. The current popularization of UASs and their ease-of-access was partially
stimulated by advances in small portable electronic equipment through miniaturization of
electronic components, resulting in fast-paced development and commercial sales of small
rotary-winged UASs (e.g., DJI Phantom, Parrot, 3DR) and their extensive proliferation towards
eclectic applications in fields ranging from forest fire management to emergency assistance
(Whitehead et al., 2014; Terwilliger et al., 2015). The application of UASs in fields of
conservation and wildlife monitoring is being seen as the continuation of revolutionary advances
in remote-sensing technology changing the future landscape in a broad range of fields requiring
ecological monitoring (Koh & Wich, 2012; Anderson et al., 2013; Linchant et al., 2015).
However, the downsides of this popularity are also evident in the rise of conflicts with wildlife
through harassment, as evidenced by hundreds of videos on popular internet sites like YouTube
showing members of the public flying commercial crafts dangerously close to wildlife, and in
many instances, causing negative reactions (Smith et al., 2016).
Prior to the current wave of applications of UASs to marine mammal behavioral research,
manned aerial surveys were the only realistic option for visually surveying large regions to sight
and detect marine mammals (Koski et al., 2007). As an alternative to aerial surveys with
traditional crafts, Ultralight motorized aircrafts (ULM) offer a more affordable and flexible

15

DRONES ADAPTED FOR COASTAL MARINE MAMMALS
platform for animal observations. ULMs have primarily been applied to monitoring of birds
(e.g., surveys for raptor nests; Looman et al., 1985), and extensively with the reintroduction of
migratory bird populations (e.g., Lishman et al., 1997; Clegg et al., 1997). For marine animal
applications, ULMs have been used to monitor sea turtle populations (Jean et al., 2010);
however, their uses are limited by similar constraints as manned-aircraft-based surveys. Various
aerial contraptions have been innovated to remotely observe marine mammal behavior using
aerial observations, including small helium-filled aerostat balloons (Nowacek et al., 2001a; Read
et al., 2003; Hodgson, 2007) and tethered airships (Lewis et al., 2010). Focal observations of
marine mammals using these and similar small aerial devices allowed for continuous
observations of the behavior of individual dolphins in their habitats for longer periods of time
than possible from boat-based observations (e.g., Nowacek et al., 2001a; Hodgson, 2007; Lewis
et al., 2010), in identifying factors involved in disturbance responses to human activity
(Nowacek et al., 2001b), and dolphin depredation of gillnets (Read et al., 2003). The beginnings
of UASs use with marine mammals has largely concerned the use of FW systems while small
cost effective VTOLs remain relatively new to remote-sensing applications (Smith et al., 2016).
The design of UASs suitable for acquiring animal observations should be guided by
knowledge of the species of interest and environment of use, and requires consideration of
system components including: UAV design (FW vs. VTOL); weight payload capacity; sensors
for data collection (e.g., cameras, GPS, accelerometer); method of control (e.g., remote vs.
autonomous, combination of both); flight capacity (e.g., duration, speed, fuel needs, lifespan,
operational distances); launch and recovery needs (e.g., handheld vs. catapult); and capacity for
data streaming and storage (e.g., live-feed vs. archived media) (Koski et al., 2010). The decisions
of which of the two distinct UAVs types to deploy is the biggest consideration in the
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development of an appropriately composed UAS, as each craft design results in vastly different
functions and operational modes that translate to different strengths and weaknesses when
applied in the field. Both help to overcome technical limitations of traditional methods and
platforms of observation in vertical photographic capabilities, low operational costs,
maneuverability, and capacity for development of novel functions (e.g., concurrent mapping).
UASs typically consist of a UAV, with a suite of mounted sensors, one or more ground
control stations (GCS) for piloting, a pilot to navigate the craft (e.g., pre-programmed vs.
remote-controlled mission), and one or more additional assistants or ground station operators to
assist with deployments, retrievals, and maintain visual line-of-sight contact with the craft during
operations if needed. Small UASs (sUAS) are generally classified as crafts weighing < 25 kg
with wingspans of several meters or less (Hugenholtz et al., 2012; Whitehead et al., 2014)
largely dominate the commercial market as most custom-made VTOLs and smaller FW systems
fall into this category. UAV-acquired imagery gathered from an onboard camera provides a
permanent record of imagery for review to reduce the number of animals left undetected and
produce less biased estimates of group density and behavior (Ferguson & Angliss, 2010;
Hodgson et al., 2013). Using an onboard GPS, data on the movement of most modern UAVs
(e.g., velocity, altitude, position) are logged in continuous tracks time-synched (according to
GPS clock) to sensor data to georectify aerial imagery with movement data. Many systems can
be programmed to return to a specific height, flight pattern, or to a specific coordinate as a safety
function, but this will vary in its efficacy depending on whether deployed from a moving vessel
or land. Custom-made, commercial, and do-it-yourself (DIY) systems face different
compromises in terms of capabilities (e.g., image quality), operational costs, size, and ease of
deployment. In terms of environmental limitations, both UAV designs provide the aerial capacity
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to fly beneath clouds or low ceilings of fog in moderate to high wind conditions, and can be
deployed to regions too remote for manned surveys or with terrain too complex to allow for
direct observations of behavior (Sweeney et al., 2016). Furthermore, most modern UAVs are
driven by relatively quiet battery-powered electric motors compared to the internal combustion
engines of gasoline-powered crafts, supporting their potential as a non-invasive and
environmentally friendly alternative to boat-based observations or manned aerial flights.
Fixed-wing (FW) UAVs
FW crafts are generally larger than VTOLs (> 3 m wingspan; Smith et al., 2016) and are
typically modeled after small aircrafts of simpler designs. Their aerodynamics allow for
continuous forward flights at high altitudes (some > 300 m) at speeds of upwards and over 80
km/h for long distances and flight times ranging from minutes to more than 24 hrs (Anderson et
al., 2013), but with many lower cost custom-built FW systems with flight endurances of in the
hour to several hour range. Their capacity for long distance flight and high speed travel enables
FW surveys of tens to hundreds of kilometers, making them optimal for animal detection and
precise counts across large spatial scales when equipped with downward cameras, typically
digital single lens reflex (DSLR) cameras for images sufficient resolution for high spatial
precision (e.g., Owen et al, 2011; Sardà-Palomera et al., 2012; Vermeulen et al., 2013; MuleroPaźmány, et al., 2014). Most operate on preprogrammed flight transects but many can also be
controlled using a remote control. The use of small FW UAVs has been more extensively
explored than VTOLs in wildlife monitoring, in part due to their capacity for long-distance
travel, flight endurance, and high payload capacity, while maintain relatively low operational
costs compared to expensive manned aircraft surveys (Linchant et al., 2015).
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For marine mammal work, FW UASs are more regularly used as a replacement or
supplement to manned aerial surveys for detecting and identifying a variety of marine mammals
including cetacean, pinnipeds, and sirenians, and identifying risk in relation to the spatial
distribution of animals and anthropogenic sources (Koski et al., 2007; Koski et al., 2009; NMFS,
2015). For example, Jones et al. (2006) trialed the use of the FW FoldBat to observe Florida
manatees (Trichechus manatus latirostris). Hodgson et al. (2013) conducted risk assessments on
anthropogenic threats to dugongs (Dugong dugon) using of the FW ScanEagle; a large craft
operating through preprogrammed flight transects with a flight endurance of more than 24 hrs
and an operational range of 150 km. Koski et al. (2015) evaluated a FW TD100E equipped with
GoPros and a Nikon D800 DSLR camera for photo-identification of bowhead whales (Balaena
mysticetus). However, their continuous movements and typical high altitude flight make them a
less attractive option for behavioral observations unless observations depend on only short
snapshots or if programmed or controlled to fly in a holding pattern around target groups (e.g.,
Würsig et al., 1989).
Vertical takeoff and lift (VTOL) systems
VTOLs, also known as rotary-wings or copters (e.g., quadcopter, hexacopter), are driven
by a minimum of three rotors (typically 4 – 8), offering increased maneuverability over FW
models, and can be manually piloted from distances of up to several kilometers away from the
GCS using a handheld RC by transmission of radio signals. VTOLs possess a key feature of
stable hovering stationary flight for a period of time and can be remotely and rapidly flown to
altitudes of tens to hundreds of meters to track the movements of animals (~10–20 min on
average). First person viewing of live video footage via down-link streaming to a monitor, tablet
device, or phone (e.g., iPad, iPhone, Android) of sufficient size and resolution is the most
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practical means for operation, allowing a pilot or assistant to guide VTOL flight real-time while
maintaining a visual perspective of animals (e.g., Durban et al., 2015; Durban et al., 2016). The
battery life for most commercial and lower cost systems is under 25 min ($700 – 2,500), with
system costs increasing drastically with longer battery life of about 45 min ($4 – 5,000). Most
commercial VTOLs are operated with joysticks and additional programmable controls, for
example, to control the pitch of the gimbal, calibrate the compass, and change flight modes. The
UAV transmits live video footage via a high-frequency signal to a tablet or phone mounted to the
RC, while simultaneously logging high-definition video (4K or more) and additional data to
onboard memory storage. Whereas imagery from a FW UAV flown at high altitudes can be
subjected to near-real-time automated imaging analysis to detect animals (e.g., Hodgson et al.,
2010), comparable systems from a VTOL have not yet been devised for rapidly detecting
animals. Human observers will generally need to sight animals from shore or boat prior to the
deployment of a copter if the objective is to conduct behavioral observations. Coupled with their
relatively quiet rotor-propelled flight, VTOLs pose a low risk of disturbance to target animals
relative to boats or planes.
VTOLs have been successfully deployed with several species of cetaceans and pinnipeds,
largely for photogrammetry and animal counts, but increasingly for collecting blow samples of
large whales (SnotBot; Bennet et al., 2015a, 2015b). Durban et al. (2015) used a small
hexacopter with a mounted Olympus E-PM2 camera to identify factors in whale body condition
and size using photogrammetry measurements. Gathering high-resolution images of northern
resident Killer whales (Orcinus orca) off of British Columbia, they used scarring to identify
individual animals and estimated animal length by converting pixels to real measurements,
providing data useful for monitoring their health and reproductive status over time. The same
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model APH-22 hexacopter was successfully used to obtain quantitative photogrammetric
measurements of blue whales (Balaenoptera musculus) in Chile (Durban et al., 2016). AcevedoWhitehouse et al. (2010) successfully acquired blow samples of blue whales, humpback whales
(Megaptera novaeangliae), gray whales (Eschrichtius robustus) and sperm whales (Physeter
macrocephalus) using a small remote-controlled helicopter. Various VTOLs have been
implemented to observe and survey numerous species of otariid and phocid pinnipeds at haulouts
including: harbor seals (Phoca vitulina) and Gray seals (Halichoerus grypus) (Pomeroy et al.,
2015); Steller sea lions (Eumetopias jubatus) (Fritz, 2012; Sweeney et al., 2016); and Antarctic
fur seals (Arctocephalus gazella), leopard seals (Hydrurga leptonyx), and Weddell seals
(Leptonychotes weddellii) (Perryman et al., 2010; Goebel et al., 2015). Because of their superior
flight maneuverability, ease-of-use, vertically and horizontally stationary hovering, and the
capacity for relatively low altitude flight (e.g., 1–60 m), I predict the majority of assessments of
behavioral disturbance impacts on marine mammals requiring direct observations of focal
animals will likely rely on VTOL versus FW systems.
Issues of detection and visibility
The success of UASs for behavioral assessments will depend upon factors influencing the
visibility of the surface and underwater activity of marine mammals. Depending on the questions
of interest, these limitations could be of primary concern, dictating the suitability of a UAV and
sensor package for specific applications. Similar to the constraints faced by other methods of
remote-sensing, the ability for UAV-mounted imaging sensors to peer through the water column
depends heavily on in-air and aquatic environmental conditions and characteristics of the focal
species. For example, coastal cetaceans and sirenians may be clearly visible from above down to
the seabed several meters deep in clear shallow water habitats dominated by seagrass substrates
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with better visibility than muddy bottom habitats because seagrasses help stabilize sediments
(e.g., Nowacek et al., 2001a; Hodgson, 2007). In depths greater than 2–3 m—the conditions most
marine mammals are found in—animals may no longer be detectable after an initial surfacing
unless turbidity is low. Attenuation of visible light can limit vertical visibility in the water
column to within meters or less of the surface, creating a gradient of turbidity according to depth
that depends on environmental factors like temperature, salinity, and bottom type (Maritorena et
al., 1994; Pegau et al., 1997).
Animal detectability from high-resolution georeferenced imagery across various levels of
turbidity and light levels should be determined by using dummy animal models to identify issues
in their detection at varying depths (e.g., Jones et al., 2006; Martin et al., 2012). While the stable
flight patterns of a FW at high altitudes are favorable for animal counts, their high-altitude flight
may leave animal observations too coarse for precise spatial or temporal measures in relation to
temporally finite disturbance stimuli (e.g., passing vessels). When animals are lost from sight
during VTOL follows because of horizontal movements out of the frame or vertical diving, the
limited area covered by the camera FOV at low altitudes makes it challenging to re-sight animals
and simultaneously conduct high resolution behavioral observations. Given the surfacing
location of animals are largely unpredictable within such small areas, re-sightings of animals
would be limited if surface intervals are short and likely will require altitudinal shifts of the
hovering UAV.
Sensor possibilities
Primarily, UASs are being equipped with high-resolution imaging hardware, but the
capacity for UAVs to carry a diverse array of onboard sensors opens up many opportunities for
novel forms of observational aerial data collection. For example, crafts equipped with small and
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relatively inexpensive thermal infrared (IR) imaging sensors that rely on detecting the heat
signature of surfacing animals permits nocturnal monitoring of the surface activity of marine
mammals and complement the use of passive acoustic recordings where other forms of
observation are ineffective. IR sensors have been applied to the monitoring of migration, swim
speed, and body temperatures of large whales including minke whales (Balaenoptera
acutorostrata), blue whales, fin whales (Balaenoptera physalus), humpback whales, and sperm
whales (Perryman et al., 1999; Cuyler et al., 2006). Their uses for inferring patterns of changes
in social behavior and/or migration rates are largely unexplored in most species. The
development of small affordable sensors ($2,000; http://www.flir.com/suas/) available for
mounting onto sUAS are promising for the application of this technology for detection of marine
animals, particularly for animals that remain at the surface or on land (e.g., resting or breathing
cetaceans, hauled out pinnipeds).
FW UAVs are currently being deployed in Canada using the senseFly eBee equipped
with a small thermal sensor to count individual grey seals (Halichoerus grypus) to monitor a
colony threatened by the possibility of a cull (Johnston, 2015). For aerial imaging for pinnipeds,
IR is more expansive in its coverage area and reliable for than visual scans of sea ice for
detection of Pacific walrus (Odobenus rosmarus) (Burn et al., 2006). This supports the potential
for VTOL and FW use for replacing manned aerial surveys for monitoring pinniped haulouts,
many of which exist in harsh, remote conditions (Goebel et al., 2015). A VTOL equipped with a
small thermal sensor may be suitable to characterize the behavioral activity of groups in response
to vessel or industrial activity of some cetacean species at night through detections of their
thermal footprints at the surface. Detections of marine mammals using IR will be affected by
environmental parameters including ambient light, humidity, the presence of fog, and the surface
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sea state (Perryman et al., 1999), and should be compared in diurnal and nocturnal conditions to
ground truth their effectiveness in different species and across varying environmental conditions.
UAS Protocol
The use of UASs for behavioral investigations requires substantial development of
protocol for following groups, characterizing behavior. First, I discuss components necessary in
general behavioral observations in marine mammals, then introduce the application of UASs to
questions of behavioral disturbance and to specific investigations of interest.
Following groups and estimating group size
Operationally defining a group is crucial to systematic assessments of behavior and
establishing proper protocol for animal follows with UASs. Characteristics of marine mammal
groupings and compositions are influenced by the ecology and movement patterns of focal
species (Mann, 1999). Variations in factors such as social structure and foraging strategies can
result in a wide range of temporal and spatial groupings across marine mammals (Connor et al.,
2000), placing limitations on the ability to follow a group, primarily due to diving of animals and
their disappearance from sight underwater or horizontal spatial movements of the group.
Additionally, other taxa-specific constraints influence groupings, for example, cetaceans use
underwater acoustic signaling to communicate and remain in contact at great distances where
defining and distinguishing groups is limited by the inability to simultaneously identify which
animals are in acoustic contact and part of the same group from a boat (Mann, 1999). The
perspective from overhead UAV flights are valuable for determining which single animals or
groups to follow, distinguishing between groups, and estimating group sizes. Depending on the
questions of interest, UASs pilots will need to decide which animals to follow when groups split
apart prior to flights (e.g., follow the group with the largest number of animals or engaged in a
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specific set of behaviors), and thresholds for vertical and horizontal distance for UAV flight
dictated by environmental and legal restrictions (e.g., line-of-sight needs).
Similar to the benefits of manned aerial flight, UASs provide vertical photography
capacities when remotely flown at a wide range of altitudes over animals (e.g., tens to hundreds
of meters). The altitude of flight, camera angle, and sensor resolution dictate the field of view
(FOV) necessary to reliably detect and count the number of animals in a group. Maintaining
multiple groups in view may be feasible depending on environmental and species-specific
challenges for visual detection. FW UAVs are regularly used to detect and count marine
mammals during aerial transects in marine (Koski et al., 2010) and nearshore terrestrial habitats
(Pomeroy et al., 2015), but when operating at altitudes of a hundreds of meters to more than a
kilometer, group size determinations will vary from that of behavioral follows with VTOLs in
low altitude flight. With a VTOL, the limited FOV of crafts flying at low altitudes over animals
creates complications in locating animals once they are lost from sight due to diving or fast
swims out of view. When handling larger groups where animals go in and out of sight due to
short surface intervals or fast swim speeds, the problem of following individuals becomes much
more complex and demanding for carefully controlled flight. Following large groups of animals
spread across a large area may be possible with a UAV, but with increasing area of focus there
are reductions in resolution and capacity for continuous follows. Using a scale to measure the
approximate distances between individuals within a group at different points in time provides a
means of developing quantifiable proximity-based measures of behavior, group activity, and
group definitions. Both system styles support the acquisition of high-resolution videos and still
imagery data sufficient for detailed analyses and less biased measures of group sizes when media
is reviewed post hoc by multiple observers.
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Identifying and characterizing surface behavior
Investigations of the surface and near-surface behavioral activity of marine mammals
entails the challenging task of minimizing observer and sampling biases in data collection while
gathering relevant observations of animals suitable for quantification of observable behavioral
units (Altmann, 1974; Mann, 1999). Traditional ethological methods of observation entail the
development of an ethogram (i.e., a catalog of behaviors) to code for a set of pre-established
behavioral activities and sampling of individual or group behaviors by one or more trained
observers. Behaviors are typically categorized into events or states: events include behaviors of
short duration, such as dives or breaths converted into rates, while states are generally a
combination of behavioral events of longer duration with distinct measured beginning and end
times (e.g., foraging bouts) (Mann, 1999). Some behavioral events that are brief in duration go
undetected unless continuous sampling of behavior or all event sampling is employed (e.g.,
breaches, tail-slaps). Robust timelines of behavioral activity are rarely feasible to collect from
boat- and shore-based platforms, resulting in unreliable estimates of behavioral time budgets if
implemented without careful consideration (Altmann, 1974; Mann, 1999). Additionally, when
developing protocol for UASs with marine mammals, aerial observations should be accompanied
by systematic sampling from other observational platforms to identify tradeoffs and potential
biases in sampling protocol (Karniski et al., 2015); potential impacts of crafts and effectiveness
of their use compared to other platforms (Koski et al., 2015); and discrepancies in data
exploration when combining UASs with other platforms (Godwin et al., 2016).
Two of the critical decisions required for the evaluation of behavioral responses from
observations using UASs, as in all observational behavioral work, includes the choices of which
animals to follow and how to sample their behavior (Mann, 1999). The choice of which
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individual or group to follow with a UAV requires consideration of how many animals can
reliably be kept in the FOV of sensors while maintaining the level of resolution required, largely
dictated by the experimental design and questions of interest. Group-level behavioral
observations from surveys are easily biased towards the more visible and active animals in the
group unless careful protocols are implemented (Mann, 1999). If the study depends on measures
of group dispersion in relation to a sound source or boat approach (e.g. Bejder, 1999), grouplevel observations would be optimal. If questions concern the impacts on the behavior of
individual animals (e.g., Mann et al., 2000), individual follows are more appropriate. Even when
systematically collected, comparisons of focal individual follow data to group follow behavioral
observations can result in heavily biased estimates of activity budgets (Karniski et al., 2015),
illustrating the risks of evaluating group behavior when considering individual-level behavior
and value of gathering data from a single platform suitable for analysis of individuals and
groups.
Behavioral follows of animals at the surface using a small VTOL can enable the reliable
follow of individual animals and groups for longer periods of time than typically possible in
continuous sampling of behavior from a boat or shore. The optimal follow protocol for
developing robust behavioral time-series activity budgets and disentangling social dynamics
entails gathering behavior on one individual at a time because behaviorally heterogeneous
populations varying according to age, activity levels, sex, reproductive state, and experiences
with human activity (e.g., Mann et al., 2000; Connor et al., 2001). To examine population-level
effects to disturbance, an understanding of individual responsiveness and threats from specific
anthropogenic stimuli is important given the varied sex-dependent responses of animals to boats
(e.g., Williams et al., 2002a; Williams et al., 2006). The power for these continuous observations
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enables the testing of questions that concern individual behavior as long as animals are reliably
identified (e.g., Durban et al., 2016), and likely would only be effective in small groups.
Additionally, if the FOV is large enough to observe multiple individuals, videos should be
reviewed to conduct multiple concurrent individual focal follows and simultaneous group-level
sampling. In assessing the potential for UASs to improve the capacity to follow individuals or
groups, different models should be piloted with many species in varying habitats given the
variable nature of grouping in marine mammals (Mann, 1999). However, UASs like small
VTOLs are limited by their short flight times and need for battery replacement and
redeployment. For example, while multiple observers from a boat may be able to reliably sample
the surface behavior of surfacing cetaceans for hours (e.g., Mann, 1999), most commercial
VTOLs have battery limitations of 15–30 min, requiring numerous redeployments for extended
observations. While times may be missed in redeployments, the high-quality continuous
observational data gathered for its battery duration can easily outweigh the benefits of
continuous follows, and particularly in the capture of short-interval immediate behavioral
responses to disturbance stimuli.
UASs observations using their vertical photography capacities and continuous record of
behavior, for less-biased and more detailed review by multiple observers, provide particular
strength in the observation and detection of behaviors otherwise infeasible or impractical to
study from other platforms of observation. Some behaviors are difficult to detect or observe
reliably at the surface but are crucial to the fitness of animals. For example, foraging activity can
result in the production of visible cues at the surface to infer animal activity without the need for
direct observation such as the bubbles produced by bubble net feeding in humpback whales
(Hain et al., 1982; Wiley et al., 2011). The subset of bottlenose dolphins in Shark Bay, Australia
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that carry sponges on their rostrums were first thought to have growths on their beaks before a
suitable observation confirmed sponge-carrying (Smolker et al., 1997). By consistently providing
high-quality observations of animals, UAS-acquired can assist in deciphering the function and
significance of rare and potentially unique behaviors that otherwise would remain anecdotes.
Assessing behavioral disturbance
Deployed from shore or boat, VTOL aerial observations provide the optimal vantage
point and maneuverability from which to conduct non-invasive fine-grained observations of
animal interactions with many kinds of human activity and disturbance stimuli. For example,
observations of animal responses to boat activity are typically conducted from boat-based
platforms require researchers to be in relatively close proximity to interactions for effective
observations (e.g., Constantine et al., 2001; Constantine et al., 2004; Lusseau, 2004), while
shore-based observations with theodolite depends on a high-altitude platform (e.g., Bejder et al.,
1999; Williams et al., 2002b; Bejder et al., 2006b). In particular, flights of a VTOL can facilitate
effective impact studies through behavioral observations of animal reactions to disturbance
stimuli during controlled experimental tests, or opportunistically of their reactions to naturally
occurring human disturbances (e.g., boat traffic). Bejder et al. (2006) conducted experimental
boat approaches and quantified dolphin responses continuously from shore approximately 1500
m from dolphin groups from a platform that afforded clear perspective on focal animals and
reliable measurements of behavioral responses to tour boats. Optimally, researchers would have
the capacity to simultaneously characterize elements of anthropogenic sources (e.g., frequency,
magnitude) in association with behavioral response data. For example, with reliable altimeter and
sensor data with high spatial resolution, UASs observations can be useful to interpreting impacts
by observing animals prior to approaches of tour or public vessels from a distance while
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simultaneously providing a platform for characterizing the size, shape, speed, and manner of
approach of boats (e.g., Buckstaff, 2004). Experimental approaches manipulating boat models,
sizes, and manners of approach when approaching groups of different age and sex classes can
help to disentangle the complexity of animal disturbance responses within a population (e.g.,
Lemon et al., 2006). Additionally, when considering the evaluation of behavioral impacts on
wildlife through behavioral responses to anthropogenic stimuli, prior to confirming a cause and
effect relationship between stimulus and responses researchers must distinguish between
habituation, sensitization, and tolerance of focal animals to disturbance stimuli to disentangle the
actual impacts of a specific anthropogenic source on animals, compared to other activity focal
animas may have been exposed to historically (Bejder et al., 2009).
Specific behavioral criteria used to evaluate impacts should be sufficiently corroborated
with population-specific baseline behavioral activity budget data on individuals prior to the
introduction of intensive or potentially harmful anthropogenic activity to accurately identify the
impacts of the presence of disturbances (Lusseau & Bejder, 2007; Bejder et al., 2009;
Constantine, 2014). Disturbance can affect populations and individual animals differently
depending on the proportion of animals in a population exposed to human impacts and their life
history traits (Currey et al., 2009), in some cases resulting in different survival estimates for
resident and transient animals within the same population (Pérez-Jorge et al., 2016). Detailed
assessments of the behavioral and physiological impacts of sounds illustrate the complexity of
generalizing impact criteria across species and populations (Nowacek et al., 2007; Southall et al.,
2007; Tyack, 2008). Ultimately, pairing these data with health evaluations derived from
photogrammetric measurements on individuals from aerial data (e.g., Durban et al., 2015;
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Durban et al., 2016) will bolster the capacity to relate impacts on behavior to impacts on vital
rates over repeated observations.
Response variables
Many of the limitations to effective anthropogenic impact assessments of marine
mammals is the lack of quantifiable response variables representative of disturbance relating to
the vital rates of a species that can be reliably observed from available platforms of observation.
When investigating the effects of acute responses through visual observation from a UASs,
observations when animals are near or at the surface are suitable to characterize behavioral
responses to specific stimuli. Disturbance is discernible in various ways that often involve
changes in movement pattern or social interactions, using various measures of importance
involving the diving and surface activity of the animals. Surface behavioral events such as
agonistic tail slaps or chuffs can provide indications of disturbance responses; behaviors
implicated in their anti-predator and conspecific-aggression interactions (Frid & Dill, 2002;
Bejder et al., 2009). For example, Noren et al. (2009) found southern resident killer whales
responded to nearby vessels and close boat approaches with surface active behaviors including
breaches, tail slaps, spyhops, pectoral fin slaps, half breaches, and dorsal slaps. Most short-term
response variables depend on direct observations of animals over short time intervals coupled
with precise spatial information, including calculations of distance travelled, average speed,
standard deviation of speed, average change in direction, number of fission events, number of
fusion events, and group spacing (e.g., Bejder et al., 2006b; Williams et al., 2002b). Determining
the respiration rate (breaths per minute) of focal animals relies on measurement of inter-breath
interval (IBI) derived from timings of animal surfacings for breaths, while measurements of
speed and distances traveled are more complex, requiring georectified measurements of distances
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between successive surfacings to accurately calculate distances extracted from GPS tracks of
animals orthorectified from UASs imagery. Many of these elicited responses are anti-predator
strategies highlighting the generalized strategies used in response to disturbance and can provide
insight into the effects of individual and group-level behavioral responses and their evolutionary
and ecological implications (e.g., Bejder et al., 2006a, 2006b).
Establishing links between short-term responses and long-term individual- and
population-level impacts depends on the monitoring of these metrics using commonly employed
sets of response variables across impact studies (Fleishman et al., 2016). Senigaglia et al. (2016)
conducted a meta-analysis to quantitatively assess consistency of cetacean responses to whalewatching activity and examine what factors influence behavioral responses using a series of
suitable reported response variables including: behavior activity changes; inter-breath interval
(IBI); movement metrics (i.e., speed, deviation index, directness index); habitat type; and
presence of whale-watching regulations. Increases in path sinuosity, decreases in path linearity
(according to a deviation index based on directionality of movement) and behavioral activity
changes (i.e., mechanistic responses to a disturbance) were the most consistent similarities in
responses across multiple species. Breath-related measurements and movements were
heterogeneous across studies, suggesting cetaceans respond contextually to disturbance
according to their socio-ecological conditions (Senigaglia et al., 2016). Further study enabling
cross-population comparisons are of high-value for global needs for research protocol and
protection of marine mammals.
Behavioral disturbance in cetaceans can result in behavioral shifts in their vertical and
horizontal movements that influence their detectability and reliability of observations
(Christiansen & Lusseau, 2014): vertically through decreases in dive duration and increases in
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depth (William et al., 2002; Lusseau, 2003b) or horizontally with changes in direction and swim
speed (Lundquist et al., 2012). A FW UAV flown at high altitudes would likely employ multiple
sequential images for the purposes of measuring short-term behavioral response variables. With
increased dive times, as for example, in mysticetes or large odontocetes, identifying multiple
surfacings is unlikely given the speed of the craft relative to the directionality and movement of
the animals unless particular flight patterns are used to localize observations to one area. Surface
activity and dive tendency is directly associated with current behavioral activity, resulting in
varying vertical and horizontal avoidance strategies to disturbance (Christiansen & Lusseau,
2014). Elements of horizontal avoidance are more likely to be surface-based (e.g., heading
changes), but animals can switch from horizontal avoidance to vertical avoidance when disturbed
by boats (Williams et al., 2002b). As a diving animal increases its depth past the point of visible
detection—only a few meters or less beneath the surface depending on local environmental
conditions—aerial observations are no longer of use. A hovering VTOL is a much more suitable
candidate for detection of both horizontal and vertical shifts, as well as surface behavioral
activity given the ability to remotely guide UAVs above a region and manually and visually
guide it to maintain a certain perspective over animal groups during long duration observations.
Dive durations for animals spread far apart at the surface can only be estimated if successive
surfacings are detected requiring a large FOV for UASs. Therefore, only the initial stages of
vertical avoidance will be easily detectable from UASs observations.
A strength of UASs is offering the capacity for these combined assessments of behavior
and physical parameters using photogrammetric measures to establish novel links to energetic
costs of behavioral responses in animals, offering promise in situations in which animal captures
for morphometric and physiological measures (e.g., temperature, heart rate) are infeasible. There
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is sufficient evidence that animals do not always show signs of disturbance or their subsequent
physiological effects, strongly suggesting that behavioral assays alone are not reliable indicators
of disturbance impacts (MacArthur et al., 1982; Ratz & Thompson, 1999; Ditmer et al., 2015).
Because these nonvisible effects of disturbance are more difficult to constrain and given harmful
physiological changes are not reliably accompanied by salient behavioral responses (Beale &
Monaghan, 2004; Ditmer et al., 2015), UASs are currently limited in their ability to characterize
physiological changes. UASs equipped with blow-sample data gathering capacity to remotely
gather samples of hormones indicative of reproductive health or impacts from chronic stress
(Acevedo et al., 2010; Bennet et al., 2015a, 2015b) if sampled following, for example, the
presence of large ships or naval sonar (Aguilar-Soto et al., 2006; Rolland et al., 2012). Further
developments and adaptation of small VTOLs equipped with the capacity for biopsy samples
collection (e.g., through skin samples from darting or scraping) can reduce the need for biopsy
sampling via veterinary rifles, bows, or scrapes with a pole-spear from boats.
Analysis of UAS data
In most instances, UAS-acquired data will result in large volumes of raw photographic or
video data, requiring time-intensive analysis even when systematically collected and processed
efficiently, similar to issues faced in analysis of passive acoustic datasets (e.g., Blumstein et al.,
2011). These issues are of particular concern when the measurement of response variables or
behavioral follow data require high temporal or spatial precision (e.g., detailed measures of path
directionality) and large sample sizes to produce sufficient effect sizes to detect biologically
meaningful impacts. For example, conducting focal follows on animals within video recordings
depends upon careful manual review to track individual animals or group and quantify
behavioral components of interest according to the follow and sampling regime with which the
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data was collected, or alternative future analyses feasible to conduct using the same dataset (e.g.,
Randić et al., 2012). Similar to decisions on defining a group to follow, observations of multiple
individuals require repeated viewings of media by multiple observers for measures of interobserver reliability. Tools for behavioral analyses such as event logging software or programs for
video and image analysis with functionality for behavioral coding according to multiple
ethograms (e.g., The Observer XT, JWatcher, Griffin) can facilitate systematic review of data.
Programs that allow for the integration of multiple, distinct data types (e.g., video observations
time-synched to GPS tracks) will greatly facilitate future analytical efforts to integrate streams of
behavioral information with geographically-linked movement and body positioning of animal
derived from measurements logged in onboard UASs sensors. For example, ChronoViz
developed by the University of San Diego, California allows for the integration of multiple
concurrent data streams such as video, GPS tracks, and acoustic files into a single software
platform (Fouse et al., 2011).
Automated visual detection and tracking is critical to the development of streamlined
timesaving processing for large datasets of UAS-derived behavioral observations of marine
animals, for which manual analysis is infeasible given the volume of collected data. Tracking
individual animals from VTOL imagery using autonomous algorithms initially must constrain
model data sets to small numbers animals for visual inspection for parameters of interest and
digital annotations of detections to establish analytical techniques for tracking larger groups.
Algorithms and software for automatic identification and video tracking of multiple individuals,
and various techniques for modeling three-dimensional movement of animals have been
developed in laboratory settings (Alfonso Pérez-Escudero et al., 2014) and in field applications
in ecology (Domeier et al., 2005; Straw et al., 2010; Dell et al., 2014). The use of algorithmic
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automatic detection could be optimized for initial phases of manually data processing to reducing
analysis time by training datasets using existing high-resolution observational and positional data
(Hodgson et al., 2010; Maire et al., 2013), but most work thus far concerns detection of targets
from collections of high-resolution still images using FW crafts to optimize animal detection. For
example, Meijas et al. (2013) developed an algorithm for automatic detection of dugongs when
submerged and at the surface using FW UAS-gathered imagery. Advances in automated tools for
UAS-acquired video data are much needed.
Methods of integrating complex georectified time-series data sets, similar to those
acquired in animal-borne tagging studies, will require the development of analytical and
statistical methods for handling and integrating additional eclectic data types. Techniques used in
estimating the spatial position of marine animals from boats with digital cameras (e.g.,
Hoekendijk et al., 2015) and in aerial photogrammetry (e.g., Koski et al., 2010) are adaptable for
calculating the relative spatial positioning of moving animals from aerial data. When flown in
precise tracks over animals, systematic observations using multiple imaging sensors with
overlapping FOV paired with onboard GPS logging of flight data can be used to calculate the
distance of animals to the UAV track line to identify geographically rectified movement tracks of
individuals (Koski et al., 2010). For biologists to be able to use these data efficiently in the
future, high-throughput analysis of visual and accompanying sensor and environmental data are
needed to analyze large and often multidimensional datasets (Goldbogen et al., 2013).
Employing novel methods of deep machine learning trained on extensive visual imagery of
surfacing marine mammals logged from continuous video can serve to develop algorithms
suitable for high-level abstraction of data (e.g., Burgos-Artizzu et al., 2012), potentially holding
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the key to automated analysis of focal animal behavior and movements (M. Magnasco, Personal
communication).
Recommended applications for UAS: Studies of the impacts of nature-based tourism
Globally, nature-based tourism in the marine environment is a growing industry that
increasingly targets populations of marine mammals in activities to bring members of the public
within visual range of animals (Hoyt, 2002). Primarily, this consists of efforts in whale-watching
(for dolphins and whales), but can also target other marine mammals including sirenians and
pinnipeds on standalone or combined tours. Many of the threats to marine mammals imposed by
human activities directly harm individuals (e.g., bycatch, boat-collision), however, the sub-lethal
effects of repeated disturbance from whale-watch boats can cause more serious harm in the longterm, particularly if animals are cumulatively incurring high negative or energetic costs from
frequent interactions (Christiansen & Lusseau, 2014). These non-consumptive human
interactions with wildlife are on the rise in the whale-watching industry where unregulated
development or ineffective monitoring can outpace sensible regulatory strategies for minimizing
its impacts on target populations (Duffus & Dearden, 1990; Higham et al., 2009).
The effects of whale-watch activities can cause both short-term changes in behavioral
activities (Corkeron, 1995; Miller et al., 2008; Lundquist et al., 2012; Izidoro & Le Pendu, 2012;
Albuquerque & Souto, 2013; Filby et al., 2014) and long-term impacts on their populations
(Lusseau, 2006; Bejder et al., 2009). Cetacean responses to approaches by tour boats include:
changes in surface patterns and respiration (Nowacek et al., 2001b; Hastie et al., 2003);
decreases in interanimal distance (Barr & Slooten, 1999; Nowacek et al., 2001b; Bejder et al.,
2006b); increases in tortuosity or deviations in swim path (Williams et al., 2002a, 2002b;
Scheidat et al., 2004; Richter et al., 2006; Senigaglia et al., 2016); changes in speed of travel
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(Stamation et al., 2010); changes in group size (Bejder et al., 2006b); and altered or disrupted
behavioral activity budgets (Corkeron, 1995; Janik & Thompson, 1996). Shifts in behavioral
activity, often involving changes in activity state from resting and foraging to traveling or
milling (Constantine et al., 2004; Lemon et al., 2006; Senigaglia et al., 2016). Both recreational
and commercial vessel traffic can cause animals to shift their habitat use to accommodate for lost
habitat (Kruse, 1991; Allen & Read, 2000; Lusseau & Higham, 2004).
Intense whale-watching pressure and repeated short-term behavioral disturbance can
manifest in negative population-level effects on marine mammal populations if not properly
monitored and regulated (Lusseau, 2007; Bejder et al., 2009). Regional intensity of whalewatching plays a major role in the negative impacts of boat activity depending on the amount of
times animals must spend in proximity to boats (e.g., Constantine et al., 2004; Stensland &
Berggren, 2007; Lundquist et al., 2012) and the kinds and approach behavior they are exposed to
(e.g., Janik & Thompson, 1996; Williams et al., 2009; Lundquist et al., 2013). Regional
differences in whale-watching activity and characteristics of the focal population can dictate
inter-population differences in behavioral responses (e.g., Acevedo, 1991) including risk
perception based on varying local conditions (Lima & Zöllner, 1996; Beale & Monaghan, 2004).
Small increases in tour boats numbers have been associated with long-term population decline
through their cumulative effects in decreased survival probabilities for calves and juveniles
(Lusseau, 2005; Currey et al., 2009a; Currey et al., 2009b), removal of population members
through death from boat collision (Lusseau et al., 2006; Barragán-Barrera et al., 2013), or
disappearance from the region (Bejder et al., 2006b). The magnitude of these effects is mediated
by whether targeted species exhibit migratory behavior such as seasonal migration (e.g., impacts
on feeding grounds; Weinrich & Corbelli, 2009) or year-round residency, of particular
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importance in baleen whales for which little data exists on the effects of whale-watching
(Christiansen & Lusseau, 2014).
In addition to tourism focused on observing animals from the boat, swim-with dolphin
and whale tourism is on the rise globally (Hoyt, 2002), and the presence of humans in the water
can result in long-term disruptive behavioral changes (Bejder et al., 1999; Samuels et al., 2000;
Constantine, 2001). High-resolution VTOL imagery can provide imagery of sufficient
photographic quality to allow for fine-scale analysis of animal response to human swimmers. If
scaled appropriately, these data are suitable for measures of true distances and identification of
short-duration behavioral events and behavioral responses indicative of disturbance, while
removing the influence of the research vessel to produce more reliable estimates of the direct
impacts of humans in the water. This could result in an improved understanding of how to
mitigate impacts of human swimmers and swim-with-dolphin tourism, or provide managers with
a means of identifying illegal or deleterious interactions. However, local and national legislation
and regulations may prevent the use of UASs near people, potentially prohibiting their use as a
tool for monitoring these interactions.
The capacity previously discussed for UASs to gather data for reliable and accurate time
series behavioral activity budgets of individual animals in association with systematic continuous
data on their behavioral responses are essential for characterizing potential behavioral impacts of
whale-watch boats (New et al., 2015), assessing the bioenergetic costs of animal-vessels
interactions (Christiansen et al., 2013), and enacting effective regulations for their protection
(Lusseau, 2014). These robust data on the behavior and life history of study animals are needed
to build realistic models that provide information on real-world impacts using empiricallygathered field data to parameterize model transfer functions. For example, the Population
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Consequences of Acoustic Disturbance (PCAD; NRC, 2005) and Population Consequences of
Disturbance (PCoD; New et al., 2013) models outline the conceptual processes by which acute or
chronic individual-level physiological and behavioral responses are linked to population-level
impacts using mathematical functions and systematically collected data on animal populations of
interest. By creating linkages between individual vital rates and physiological and behavioral
impacts over time, the models incorporate various sources of harm as covariates and integrate
them along with data on the health of individual animals into predictions for impacts on fitness at
the population-level (Pirotta et al., 2013; Constantine, 2014). Current evaluations of
anthropogenic impacts on marine mammals emphasize the use of models of individual decisionmaking for predicting potential impacts such as agent-based models that utilize information on
the life history of individual animals and their interactions with natural and human activity in
their habitats (e.g., Lusseau & Bejder, 2007; New et al., 2015; Pirotta et al., 2015).
Linking short-term behavioral responses to energetic and long-term impacts
The combined potential for UAS-acquired high-resolution observations of responses to
disturbance, and for producing robust estimates of behavioral activity budgets, facilitates relating
the discrete and cumulative impacts of behavioral disturbance to animal fitness. Due in part to a
lack of high-quality time series data on disturbance stimuli and animal activity, most studies of
the effects of behavioral disturbance from anthropogenic activity on marine mammals lack
quantifiable links between short-term behavioral responses and long-lasting effects through
impacts to vital rates that can result in population-level effects (Williams et al., 2006;
Christiansen & Lusseau, 2014). Developing reliable and accurate time activity budgets is
essential to linking the individual animal activity engaged in different behavioral activities to
bioenergetic expenditure to determine the sub-lethal impacts of non-consumptive, non-lethal
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human activity (e.g., boat disturbance from wildlife tourism and fishing activities), and for
elucidating behavioral heterogeneity within populations (Lusseau, 2006; Christiansen et al.,
2013; Pirotta et al., 2014). Characterizing the time activity budgets of individual animals are
powerful for identifying relationships between their behavior, life history and ecology, and
bioenergetic expenditure (Christiansen et al., 2013).
The study of the linkages of short-term disturbance responses and energetic impacts on
cetaceans have been investigated primarily in the realm of whale-watching (e.g., Williams et al.,
2006; Fleishman et al., 2016; Senigaglia et al., 2016). For example, Christiansen et al. (2013)
assessed the bioenergetic impacts of whale-watching activity on minke whales using behavioral
activity budgets from continuous surface behavioral observations to reveal a decline in minke
whale (Balaenoptera acutorostrata) foraging activity surface feeding activities following
interactions with whale-watching boats. While disturbance to marine mammals can lead to costly
energetic expenditures and is a common-sense target for studies of behavioral disturbances and
their implications, methods for quantifying these costs are challenging to implement in many
regions. Research on energetics with free-ranging animals requires data on the physical
parameters of individuals and their movements to identify necessary energetic intake alongside
linkages to captive models of energetic usage in the species (e.g., Williams et al., 2006). For
example, morphological data including size estimates of whales and measurements of engulfed
prey provide data necessary for hydromechanical models of baleen whale energy budgets,
allowing researchers to produce more accurate and efficient models of baleen whale feeding and
foraging ecology (Goldbogen et al., 2011; 2012; 2013). To link the effects of biologically
meaning short-term effects of anthropogenic disturbance, monitoring of the health of individual
animals over time or assessments of population demographics over time is optimal.
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Predictions of boat traffic impacts of marine mammals depend on quantification on
animal responses to varying levels of boat density across small and large spatial scales (Allen &
Read, 2000). Mathematical models designed to model the behavioral responses to boat traffic
provide an alternative means of predicting impacts on populations when there is sufficient
information to parameterize models to complement concurrent and past studies (e.g., New et al.,
2013). Other analytical methods developed for exploring individual time-series data of animals
applied to tracking the movements of individuals recorded in video may serve as a model for
analysis of the multivariate data sets produced in UASs data collection. For example, custom
software packages developed for analyzing visual and movement data of tagged whales allow for
detailed investigations of underwater behavioral patterns (e.g., TrackPlot: Ware, 2011; Wiley et
al., 2011). Fine-scale analysis of marine mammal movement in feeding can provide the
foundation for building process-based models to characterize ecological processes at varying
scales and improve our understanding of prey needs and threshold of impacts for free-ranging
marine mammals (e.g., Pirotta et al., 2014).
Characterizing the behavioral impacts of anthropogenic noise
Anthropogenic noise in the underwater acoustic environment is one of the most pervasive
threats to marine mammals in all aquatic ecosystems they inhabit. These sounds have the
potential to cause physiological harm and fitness costs to animals through interference with their
ability to communicate with each other through their acoustic modality (Jensen et al., 2009), or
overtly negative behavioral responses like fleeing behaviors that could result in stranding (e.g.,
Tyack et al., 2008). Sounds produced by whales and dolphins during critical behaviors like
foraging or socializing are often at risk of masking by high-energy boat engine noise overlapping
with frequency bands of highest acoustic sensitivity for cetaceans (Richardson et al., 1985),
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driving some species to shift the characteristics of their vocalizations to compensate for masking
of their sounds (Clark et al., 2009). For example, North Atlantic right whales (Eubalaena
australis) respond to ship noise with changes in their calling behavior and increased stress
hormone levels (Parks et al., 2007; Rolland et al., 2012), while beaked whales respond to
simulated and actual naval sonar with strong behavioral responses and disrupted foraging
(Aguilar Soto et al., 2006; Tyack et al., 2011; DeRuiter et al., 2013).
While the sounds associated with naval sonar and seismic exploration of the sea pose
grave threats for many species of marine animals, the most commonly encountered and pervasive
sources of anthropogenic noise that marine mammals encounter is engine noise from boats
(Tyack, 2008). The presence of boats has diverse impacts on their acoustic behavior that vary
according to challenges in signal transmission and reception, the kinds of boats animals are
exposed to, and the characteristics of animal-vessel interactions (Houghton et al., 2015). Boats
approaching within 100 m of delphinids in tropical coastal habitats reduces their communication
range (Jensen et al., 2009), while the approach of tour boats cause bottlenose dolphins (Tursiops
truncatus) to lower the frequency of their social whistles (May-Collado & Quiñones, 2014) and
increase whistle rates at the onset of approaches (Buckstaff, 2004; Hawkins & Gartside, 2009).
Increased vocal performance in captive cetaceans is energetically costly, indicating exposure to
high levels of noise in the wild may incur high energetic investments for small cetaceans if they
are forced to change characteristics of their sounds to account for anthropogenic noise (Van der
Hoop et al., 2014; Holt et al., 2015). Observations of behavioral responses to anthropogenic
noise coupled with information on the sound source and associated changes in acoustic signaling
of marine mammals are needed to identify acute and chronic impacts of noise on their lives
(NRC, 2005).
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UASs can improve studies on the behavioral disturbance of anthropogenic noise on
marine mammals in several ways. For example, UASs offer capacities valuable for
contextualizing sound use to determine the functional role of sounds and importance of calls to
animal survival, and for observing the interactions of marine mammals with sources of
anthropogenic noise and assessing their subsequent behavioral impacts. Determining the impacts
of behavioral disturbance from noise on marine mammals requires data on the behavioral
contexts of sound production; signals produced during times of noise occurrence, as their
importance to critical life functions will drive the ultimate effects on the animals’ fitness (e.g.
foraging; Williams et al., 2006). Animal-borne tags equipped with acoustic sensors allows for
experimental examinations of behavioral response of individual animals following noise
exposure, typically coupled with sensors allowing for tracking of movement to infer behavioral
events (e.g., Nowacek et al., 2004; Madsen et al., 2006; Tyack et al., 2011). However, in most
circumstances tagging is impractical (e.g., with small delphinids) due to the operational and
logistical costs of tagging, and potential for causing behavioral disruption or harm (Scott et al.,
1990; but see Hanson & Baird, 1998). Low altitude aerial observations gathered with a hovering
VTOL recording continuous video or gathering repeated still imagery offers the ability to
identify the fine-scale behavior of animal groups concurrent with sound production, particularly
in coastal species in waters of low turbidity and good visibility, and animals that remain near the
surface during vocal behaviors of interest. This can be of great use when disentangling the
effects of anthropogenic noise, compared to the physical presence of a boat (e.g., Pirotta et al.,
2015). For example, dugongs in relatively clear and shallow waters decrease their foraging
activities and move into deeper water in response to engine noise when boats pass within 50 m of
animals (Hodgson & Marsh, 2007).
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A strength of UAV-acquired data is its applicability to remotely identifying calling
animals in the wild and relating calls to specific behavioral contexts, crucial to testing
hypotheses regarding the function of specific calls and determining the behavioral and
physiological effects noise can have on the fitness of an animal (Quick et al., 2008). While
individual-level analysis of vocalizations is optimal for deciphering sound function with single
animals and small groups, generally it is infeasible to identify vocalizing animals in large groups
without animal-bourne acoustic recording tags or systems of acoustic localization. Observations
from UAS sensors time-synched with acoustic signals in concurrently operating digital recording
systems using multiple hydrophone arrays, with sufficient spacing between transducer elements,
can help to shed light on the functional use of calls by enabling scientists to acoustically localize
calls to specific individuals or subsets of animals through techniques such as measuring time-ofarrival differences in animals signals to different transducers (e.g., Sayigh et al., 1993; Nowacek
et al., 2001a; Quick & Janik, 2008). Accurate localizations and attribution of calls depend on
concurrent behavioral observations of high spatial and temporal precision of vocalizing animals
in the vicinity of the array, data that are challenging to gather from a vessel. Studies employing
towed arrays from small boats to investigate the acoustic correlates of the behavior of large
(sperm whales; Miller & Dawson, 2009) and small cetaceans (bottlenose dolphins; Sayigh et
al.,1993; Quick & Janik, 2008) require data on behavioral context, position, and movement
patterns of signaling animals to elucidate the functional use of calls.
Flights with a VTOL allow for sufficient maneuverability and direct observation time to
capture the visual context of sounds when marine mammals are traveling alone, in small groups,
or spread apart, in most instances, in large groups quality of observations is limited for
determining vocalizing animals if animals are clustered (Quick & Janik, 2008). If numerous
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hydrophone arrays are simultaneously deployed in a region to record continuously, when
triggered remotely, or programmed to sample periodically, boat searches and UASs observations
could concentrate on these regions and provide the means of accurately detecting the locations of
animals in relation to the array with a VTOL during behavioral follows. FW crafts are unlikely to
serve as a tool for observing the fine-scale behavioral responses to sounds of animals due to their
high altitude flight and speed of movement, but could be applied to monitoring reactions of
animals to noise to characterize animal movement at a coarser scale than with a VTOL, across a
much larger spatial extent. In general, UASs will serve limited purposes in various
circumstances, for example, when animals are spread too far apart due to species social
dynamics, if environmental conditions are prohibitive to useful aerial observations, or if animal
behavioral disturbance responses cannot be reliably detected (e.g., disrupted subsurface
activities, diving).
Depending on distance to shore, UASs can be deployed to locations of animal detections
using passive acoustic monitoring via stationary hydrophone arrays to gather important
information on animals (e.g., photo ID, size, behavior) and direct research boats to specific
locations to gather additional data. Real-time automated acoustic detection systems implemented
in the protection of species such as endangered right whales at Stellwagen Bank off of
Massachusetts (Hatch et al., 2012) can be bolstered by the capacity to deploy a UAV to areas
where animals may run the risk of collision with nearby boats. UASs could additionally serve to
direct large ships away from locations of animal sightings with more spatial precision than
possible from acoustic localizations, or complement the objectives of shipboard marine mammal
observers as a visual scout for ships traveling in the region to reduce risk of collision. To further
evaluate the effects of vessels in regions like these, a VTOL deployed with blow-sampling
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capacity could then gather blow samples for examination of stress hormone levels (e.g., Rolland
et al., 2012).
Alternatively, the use of autonomous mobile platforms such as an unmanned surface or
subsurface vehicles equipped to localize and follow marine mammals based on acoustic
detections could provide a moving waterborne platform for a UAV to autonomously report to,
take commands from, and as a location to dock and recharge, or potentially be tethered to for
long durations for continuous flight. In the future, we are likely to see the development of UASs
further enhanced with high quality sensors and functionality such as remote deployment of
sensor packages (e.g., buoy with acoustic recording system) or UAVs equipped with a
hydrophone tethered to the craft with an onboard digital recorder to collect acoustic data of the
vocalizations of nearby animals or sources of anthropogenic noise. Some inexpensive
commercial VTOL models (e.g., SplashDrone) are already equipped with mechanisms for
releasing a payload whose functions could be appropriated for sensor deployment in remote
locations.

As a tool for wildlife monitoring of marine mammals
The multifaceted ways in which human activity directly impacts the behavior of marine
mammals requires adaptive management strategies from managers of marine protected areas
(MPAs) to monitor wildlife and effectively select and target areas for increased protections.
MPAs designed to protect cetaceans are often ineffective at reducing the frequency of non-lethal
effects and protecting against their occurrences (Ashe et al., 2010), sometimes because of
protected areas selected and designed without consideration of its relevance to the behavior of
target cetacean populations (Christiansen & Lusseau, 2014). Systems capable of providing high-
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quality behavioral data on individuals and groups in response to anthropogenic activity could fill
an important gap in the capacity for adaptive management of marine wildlife by enabling the
acquisition of high-resolution Georectified behavioral data in specific regions. UASs will prove
useful as a tool for enforcement authorities of MPAs in which enforcement is challenging due to
the expansive habitat range of most marine mammals and the high operational costs associated
with wildlife monitoring for marine mammals, including the need for extensive boat patrols to
identify illegal fishing activities within no-take zones that may be supplanted in the future by
aerial surveys with FW crafts.
UASs observations may serve to directly witness and investigate harmful or illegal
interactions between marine mammals and humans. Human interactions research with marine
mammals is growing in its breadth with increases in boat traffic, coastal population growth, and
conflicts between humans and wildlife, requiring intervention to reduce harmful behavioral
interactions (Wilke et al., 2005; Cunningham-Smith et al., 2006). For example, in Monkey Mia,
Australia, provisioning of bottlenose dolphins (Tursiops spp.) with fish along the shores has
resulted in negative impacts on maternal behavior (Mann & Kemps, 2003), lower survival rates
of calves (Neil & Holmes, 2008), and broader impacts for population health (Orams, 2002).
Illegal feeding of bottlenose dolphins leads to increased boat-strikes and entanglements
(Donaldson et al., 2010) and can promote dangerous behavior for provisioned animals (e.g.,
begging, ingestion of fishing gear from depredation) that increases risk of harm for both humans
and dolphins (Orams et al., 1996; Smith et al., 2008).
Boat-based monitoring and enforcement of these interactions is made challenging by
their occurrences in expansive and often remote territory where authorities have slim chances of
observing potentially harmful interactions. Monitoring agencies equipped with VTOLs could
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more easily spy on illegal activities to identify their potential for causing harm by investigating
the constituents of their interactions and effects of behavioral activity strengthen future
mitigation strategies. Alternatively, videos acquired by commercial and recreational UASs pilots
flying crafts near marine mammals and posted on the internet may serve as evidence of criminal
action for the enforcement agencies charged with investigating violations of regulations or law.
In the United States, harmful interactions between terrestrial wildlife and UASs resulted in
changes in national park regulations (e.g., Prettyman, 2013), but is complicated by regional
legislation and regulations. For marine mammals, the Marine Mammal Protection Act (MMPA)
restricts the use of aerial craft around marine mammals, but because of complications between
multiple governing agencies and a lack of empirical data on their uses and effects on animals,
numerous members of the general public actively film and approach animals with commercial
VTOLs, sometimes exploiting loopholes in insufficient current regulations.
The disparities in data collection methods across population-specific studies coupled with
inter- and intra-population behavioral variability and exposure to disturbances creates challenges
in developing a unified approach for evaluating and comparing the effects of behavioral
disturbance across populations (Fleishman et al., 2016; Senigaglia et al., 2016). Additionally,
differences in environmental conditions, animal behavior, observer experience, and sample sizes
all influence the feasibility of comparing disturbance effects across studies. Observations with
UASs provide a means of standardizing data collection protocol of marine mammal behavior,
monitoring strategies to mitigate impacts of behavioral disturbance, and foster comparisons and
broad meta-analyses across regions (e.g., Senigaglia et al., 2016). Data can be used to address
additional questions including concerns of the health and status of rarer species or populations
(e.g., southern resident killer whales). Though many scientific applications employ different
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models of commercially available VTOLs and FW systems, the trend in many regions, and
amongst the public, is the use of a relatively small number of different available commercial and
custom-built systems (e.g., Phantom, Splash Drone). Given that most of these systems are
equipped with comparable high-resolution imaging hardware and onboard sensors, the
standardization of flight data acquisition and behavioral data protocol would benefit from the
development of general protocols for their use across regions and with wildlife that further
considers the potential for the UAVs themselves to disturb wildlife.
Are UAS non-invasive tools?
Determining the non-invasive potential for data collection is crucial to evaluating the
applicability of UASs to research with wildlife and to ensure minimal disturbance caused by
UAS operators. An understanding of the effects of UASs on the behavior of animals is of pivotal
concern to reduce the likelihood of confounding observer effects that could bias interpretations
of behavioral responses (i.e., response to craft vs. anthropogenic source of concern). In many
cases, UASs can supplement many potentially invasive and disturbing research activities by
reducing the need for close approaches with boats or tagging. For example, aerial
photogrammetry can supplement the need for hands-on assessments of body condition (Schick et
al., 2014). Conducting empirical studies to test the effects of UAV flight on the animals of study
is crucial to the establishment of sound practices for their use with wildlife (Koski et al., 2010;
Smith et al., 2016; Hodgson & Koh, 2016) and provides insight into their effectiveness for
collecting various data types while minimizing observer influence (Vas et al., 2015; Ditmer et
al., 2015). These examinations should consider craft type, approaches, flight modes (e.g., guided
slowly over animals), and the in-air and underwater noise levels of crafts; factors that can vary
drastically across platform types and models (e.g., loud VTOL rotors), and are heavily
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influenced by environmental conditions such as wind speed and direction. Behavioral response
variables indicative of disturbance from other anthropogenic activities (e.g., increased dive
intervals, directional changes, changes in group dispersion) can serve as indicators of an
individual’s reaction to UAV flight during controlled approaches.
Most studies evaluating the behavioral effects of UAS-use with cetaceans have found
minimal reactions to the presence of UAV. Beluga whales (Delphinapterus leucas) did not react
to the flight of a small remote control aircraft (Sleno & Mansfield, 1978). Acevedo-Whitehouse
et al. (2010) noted that none of the large cetaceans including blue, gray, sperm, and humpback
whales sampled for blow responded to their remote-controlled helicopter and behaved in a
similar fashion to their boat-based photo-identification work, indicating it is unlikely the craft
caused more distress to animals than traditional research practices. Koski et al. (2015) found no
apparent observable behavioral responses from bowhead whales to a FW UAV flown at 120 m.
Killer whales were not observed to react during 60 missions using the APH-22 hexacopter flying
at an altitude of 35–40 m (Durban et al., 2015), and neither did blue whales using the same
model copter flown at 50–56 m. Jones et al. (2006) observed no responses in Florida manatees to
a FW system flown overhead at an altitude of 100 m. Dugongs are unlikely to respond to the
flight of FW crafts at high altitudes (> 300 m; Hodgson et al., 2013) but have been shown to
respond to the shadow of a small blimp at 50 m, possibly perceiving the moving shadow as
belonging to one of their shark predators (Hodgson, 2007). However, reactions likely vary across
species and populations, for instance, observations of bottlenose dolphins in Belize suggests
while the likelihood of visibly disturbing individuals is very low at altitudes of 15–30 m, some
single individuals, when alone or in groups, attended to the craft with a spinning investigatory
behavior aimed skyward with the VTOL directly or nearly overhead (Ramos, unpublished data).
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While dolphins in other populations have been observed to chase the shadows of a VTOL flown
at 20 m altitude (Smith et al., 2016), this was not observed in over 90 flights with the population
in Belize. In general, this preliminary evidence is supportive of the notion that UASs have
minimal impacts on whales and dolphins, while supporting the need for population-specific
evaluations of disturbance potential.
Depending on the target species, there will be different requirements to reduce the noise
produced during flight, given that the type and amount of noise emitted by UAVs may influence
animals in variable ways. Though UAVs are quieter than manned aerial surveys, different model
crafts and operational modes can drastically alter the potential for effective sound transmission
of engine noise to target animals (e.g., large FW flown at 500 m vs. small VTOL at 5 m). For
example, in pinnipeds the noise from aerial crafts and boats can cause large percentages of
colony members to flee to the water (Koski et al., 2015; Pomeroy et al., 2015). Pinnipeds hauled
out on land are more likely to be impacted by the noise of crafts than when at sea, even at similar
distances of flight, given their heads would be positioned for listening in air and they would
detect a broader spectrum of UAV noise than what would be transmitted and sensed underwater.
Flights with large FW crafts sometimes elicit strong observable reactions in harbor seals and
grey seals (Halichoerus grypus), that can vary significantly depending on the time and date of
the flight, age/sex class of individuals, and stage of molting (Pomeroy et al., 2015), in one
instance, causing a group of 60 juvenile gray seals to flee from an altitude of 200 m. Moreland et
al. (2015) showed a reduced disturbance response in spotted (Phoca largha) and ribbon seals
(Histriophoca fasciata) to UAV flight compared to traditional low-altitude helicopter surveys.
Similar surveys using a ScanEagle found little to no responses compared to manned flight
(NMFS, 2009; Mulaca et al., 2011).
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While observational methods should be standardized across regions to simplify crosspopulation comparisons of data, UAS protocol should be carefully evaluated for populationspecific applications and across species. Challenges can arise if flight protocol requires
movements that are more salient to the target animals (e.g., low-altitude flight or following at
high speeds) or if flying in challenging terrain (e.g., nearshore, high levels of vessel traffic),
given the behavioral flexibility in many marine mammal species evident in sex-dependent
perceptions of risk posed by disturbance (e.g., Symons et al., 2014). Animals within a single
population will likely vary in their responses to disturbance from UAVs based on their age, sex,
physiological state, behavior, and experience with aerial objects (e.g., aircraft, diving seabirds).
Focal groups engaged in different behavioral activities may differ in their responsiveness to
UAVs, for instance, resting groups of delphinids are more susceptible to disturbance than
socializing groups and more readily alter their behavioral activities in response to tour boats
(Constantine et al., 2004; Visser et al., 2011). Species differences in protocol can be very similar
(e.g., photogrammetry) or differ drastically (e.g., large group follows) depending on whether
target animals are, for instance, fast-moving small delphinids, large mysticetes, slow-moving
sirenians, or terrestrial-dependent pinnipeds and polar bears. This will influence VTOL flight
used to conduct behavioral observations, typically at much lower altitudes to gather highresolution imagery and maintain focal animals within sight, requiring altitudinal adjustments that
may be noisy to animals. Additionally, it is still challenging to identify whether animals out of
the craft’s FOV are responding (Moreland et al., 2015). UAV trials with tagged animals can
serve as valuable case studies of acoustic and underwater behavioral responses that may
otherwise go unseen (e.g., diving, acoustic calls) while near-shore or vessel-based observations
concurrent with UAS-use can aid in the detection of responses not captured by UAV sensors.
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In addition to observable behavioral reactions, animals can respond to disturbance from a
UAV with unobservable physiological shifts including stress levels and heart rate. Ditmer et al.
(2015) evaluated the physiological and behavioral responses of American black bears (Ursus
americanus) to overhead UAV flights with a copter. Using cardiac biologgers and UAV video
observations they determined that UAV flights caused minimal visible behavioral responses in
the majority of bears, but in some led to a highly elevated heart rate compared to baseline
measurements with no UAV present. These results suggest marine mammals, particularly those
inhabiting terrestrial environments such as polar bears (Ursus maritimus) and pinnipeds, may be
at higher risk of disturbance responses to crafts that are undetectable through detection of visible
behavioral disturbance. For UASs work where the VTOL must be flown meters over target
animals (e.g., blow sampling; Acevedo-Whitehouse et al., 2010; Bennet et al., 2015a, 2015b)—
gathering concurrent physiological data on heart rate and stress responses may be feasible with
blow samples of whales providing a measure of the potential stress induced by craft flight
(Acevedo-Whitehouse et al., 2010), but also potentially biasing the collection of stress hormones.
The likelihood of user and animal injury during UAV flight can be reduced by
implementing extensive safety measures including propeller guards for VTOL crafts and
equipping crafts with gear for emergency in-water landings. For safety concerns of the animals,
many regulatory agencies require further empirical findings on the effects of crafts on animals
prior to issuing permits for UAS-use in scientific applications with protected species (NMFS,
2014; Smith et al., 2016) and are using internet-based evidence to prosecute lawbreakers
(Berywn, 2014). Regulations safeguarding against improper UAV use and crashes are
particularly important when considering the recent spate of media covering crashes of crafts by
members of the public near animals or in ecologically important areas (Smith et al., 2016).
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Conclusions
In this review, we discussed the ways in which UASs can be applied to the study of the
behavioral impacts of anthropogenic activity on marine mammals to complement or supplement
the use of traditional field methods. Protecting marine mammals from the harmful effects of
human activity demands the development of powerful tools to complement traditional research
approaches and enhance our capacity to collect robust data on the behavior of marine mammals.
Recent technological advances and an explosion in the commercial development and
proliferation of UASs is facilitating their rapid integration into wildlife monitoring and
management of free-ranging marine mammals. When constructed creatively, UASs can
compensate for many of the limitations inherent in traditional platforms of observation as a lowcost high-resolution remote-sensing tool for gathering fine-grained observations of animal
behavior that can be applied to the study of short- and long-term effects of disturbance. Their
relatively low-cost, ease-of-use, and capacity as a remote-sensing tool are stimulating their
application as essential research tools for the study of marine mammal behavior and as a
platform to collect data on animal movements and physiology that were previously challenging
to gather (Mann & Würsig, 2014; Durban et al., 2016).
Crucial questions must be considered before UASs are successfully employed in field
studies as the application of UASs for marine mammal research is still in its beginnings. I
propose a variety of applications for the integration of FW and VTOL UASs as key visual
observation platforms and my recommendations are intended to help guide the development of
research protocol, though much more work is needed to assess their true value and extent of
applicability. Numerous factors including environmental conditions, species and individuals of
interest, budgetary constraints, and available technical expertise will influence effective
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implementation of UASs. While most studies thus far have illustrated minimal impacts to zero
behavioral responses in most marine mammal species (e.g., Koski et al., 2015; Durban et al.,
2016), similar to other emerging tools, more empirical work is needed to assess their potential to
influence species to develop best practices for their use and so informed guidelines can be
provided to the public (NMFS, 2015; Smith et al., 2016; Hodgson & Koh, 2016).
There are many advancements in the development of UASs UASs technology that we did
not discuss extensively because at this stage they are largely hypothetical. The use of tethered
VTOLs providing continuous power are currently being used, and with continuous power, many
of the limitations of their low battery life and needs for repeated deployments and landings are
effectively removed, but introduce a variety of other technical and logistical complications (e.g.,
safety, maintenance, data retrieval). The combination of UASs with other platforms of
observations and methodologies for tracking animals and observing and logging their behaviors
offers the most strength when attempting to adequately capture the complex array of responses
disturbance elicits in marine mammals, thus, most future studies employing UAS will combine
observations and data collection from numerous platform concurrently to improve accuracy and
ground-truth their effectiveness.
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Chapter 2: Bottlenose Dolphins and Antillean Manatees Respond to Small Multi-Rotor
Unmanned Aerial Systems
Abstract
Unmanned aerial systems (UAS) are powerful tools for research and monitoring of
wildlife. However, the effects of these systems on most marine mammals are largely unknown,
preventing the establishment of guidelines that will minimize animal disturbance. In this study,
we evaluated the behavioral responses of coastal bottlenose dolphins (Tursiops truncatus) and
Antillean manatees (Trichechus manatus manatus) to small multi-rotor UAS flight. From 2015
to 2017, we piloted 211 flights using DJI quadcopters (Phantom II Vision +, 3 Professional and
4) to approach and follow animals over shallow-water habitats in Belize. The quadcopters were
equipped with high-resolution cameras to observe dolphins during 138 of these flights, and
manatees during 73 flights. Aerial video observations of animal behavior were coded and paired
with flight data to determine whether animal activity and/or the UAS’s flight patterns caused
behavioral changes in exposed animals. Dolphins responded to UAS flight at altitudes of 11–30
m, and responded primarily when they were alone or in small groups. Single dolphins and one
pair responded to the UAS by orienting upward and turning towards the aircraft to observe it,
before quickly returning to their pre-response activity. A higher number of manatees responded
to the UAS, exhibiting strong disturbance in response to the aircraft from 6–104 m. Manatees
changed their behavior by fleeing the area and sometimes this elicited the same response in
nearby animals. If pursued post-response, manatees repeatedly responded to overhead flight by
evading the aircraft’s path. These findings suggest that the invasiveness of UAS varies across
individuals, species, and taxa. We conclude that careful exploratory research is needed to
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determine the impact of multi-rotor UAS flight on diverse species, and to develop best practices
aimed at reducing the disturbance to wildlife that may result from their use.
Introduction
Unmanned aerial systems (UAS) are cost-effective and powerful remote-sensing tools
used by scientists and wildlife managers to aerially monitor animals and their habitats (Anderson
and Gaston, 2013; Linchant et al., 2015). UAS enable similar surveys as manned flight to detect
and identify species in remote and inaccessible locations, but at a reduced risk to researchers and
improved capacity to collect data for detailed analyses (see Linchant et al., 2015 for review).
Aircrafts are often equipped with multiple sensor packages, which enables the simultaneous
acquisition of multimodal data such as high-resolution imagery and geospatial data.
UAS have been successfully used to collect biological data on many marine megafauna
species (e.g., Kiszka et al., 2016; Johnston et al., 2017). Oftentimes the collection of these data
were previously only possible with the use of manned aircraft, close watercraft approaches,
and/or invasive sampling methods (e.g., Koski et al., 2015; Christiansen et al., 2016a).
Successful uses of UAS in marine mammal research have included aerial surveys for animal
detection, abundance estimation of pinnipeds in breeding colonies, photo-identification of
whales, and photogrammetric assessments of body condition and population health (e.g., Koski
et al., 2015; Christiansen et al., 2016a; Adame et al., 2017; Krause et al., 2017). Fixed-winged
UAS are most often used to detect and count animals during high-altitude long-distance surveys
over large areas for estimates of population abundances and distributions (e.g., Hodgson et al.,
2013; Adame et al., 2017). Conversely, low-altitude flights and stable hovering with multi-rotor
aircrafts enable close approaches directly to animals, for example, to collect exhaled breath
condensate (blow) for health assessments of large whales (e.g., Acevedo-Whitehouse et al.,
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2010; Apprill et al., 2017; Pirotta et al., 2018). Several studies suggest that UAS result in
reduced disturbance to marine mammals when compared with traditional research methods
(Acevedo-Whitehouse et al., 2010; Moreland et al., 2015; Arona et al., 2018). Therefore, it is
important for researchers to develop effective strategies to safely apply UAS to monitor wildlife
species to minimize the risk of negative impacts (Chabot and Bird, 2015; Vas et al., 2015; Smith
et al., 2016).
A wide range of species has been documented to exhibit disturbance behaviors to UAS
operations in response to UAS (e.g., seabirds, crocodiles, sea turtles, terrestrial and marine
mammals; Mulero-Pázmány et al., 2017; Brisson-Curadeau et al., 2017; Bevan et al., 2018).
Among marine mammals, pinnipeds exhibited rapid group dispersal following multi-rotor UAS
approaches (Pomeroy et al., 2015; Sweeney et al., 2015), but were largely unaffected by fixedwing UAS flying at high altitudes (Arona et al., 2018), where aircrafts may be relatively
undetectable by most wildlife. Multi-rotor UAS operated at altitudes of 9–200 m did not elicit
observable behavioral responses in studies of toothed whales (e.g., sperm whales Physeter
macrocephalus: Acevedo-Whitehouse et al., 2010; killer whales Orcinus orca: Durban et al.,
2015) and baleen whales (e.g., blue whales Balaena mysticetes; gray whales Eschrichtus
robustus: Acevedo-Whitehouse et al., 2010; humpback whales Megaptera novaeangliae:
Christiansen et al., 2016a). UAS flight had no detectable effects on blue whale respiration or
diving behavior during blow collection, but one whale appeared to briefly look up at the UAS
(Domínguez-Sánchez et al., 2018). Humpback whales and southern right whales (Eubalaena
australis) rarely reacted when approached with multi-rotor UAS at altitudes of ~4 m during blow
collection, but they sometimes exhibited a “bucking” response or a turn of the body towards the
aircraft (Kerr et al., 2016). In a different study these two species were not observed to respond to
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close approaches (<10 m) of a similar aircraft (Christiansen et al., 2016a). Differences in species
responsivity can be related to a variety of factors. The type of aircraft in use (e.g., fixed-wing vs
multi-rotor), the flight patterns of the UAS (e.g., hovering or active-search), the proximity of the
aircraft to animals, and the directness of its approach may all affect study subjects differently
(e.g., Pomeroy et al. 2015; McEvoy et al., 2016; Mulero-Pázmány et al., 2017). This provides
incentive to develop species-specific “best practices” for the use of UAS. This includes
characterizing the short-term effects of these systems on wildlife to establish criteria for avoiding
disturbance (Hodgson and Koh, 2016; Smith et al., 2016).
To date, little work has been done to determine the effects of UAS on delphinid and
sirenian species or to evaluate their efficacy for conducting behavioral research on them. Smith
et al. (2016) reported an observation of bottlenose dolphins (Tursiops truncatus) chasing the
shadow of a multi-rotor UAS flying at ~20 m altitude. Nowacek et al. (2001a) reported similar
responses in one bottlenose dolphin in which it briefly avoided (<10 s) the shadow of a heliumfilled aerostat balloon as it passed overhead during behavioral follows. Hodgson et al. (2007)
reported that dugongs (Dugong dugon) fled from the shadow of a similar aerostat balloon.
Studies using fixed-wing UAS flown at high altitudes (100–300 m) did not detect responses in
Florida manatees (Trichechus manatus latirostris; Jones et al., 2006) or dugongs (Hodgson et al.,
2013). Information on how to best apply these systems for use on dolphins and sirenians can be
beneficial to species monitoring, however it is necessary to first evaluate in the field, how
animals respond to its different uses.
During ongoing studies in Belize, we investigated the behavioral responses of bottlenose
dolphins and Antillean manatees (T. m. manatus) to small multi-rotor UAS flights in shallow
coastal habitats. Dolphins and manatees were located using several different flight strategies and
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were approached and followed at varying altitudes to determine whether these factors influenced
animals’ responses to the aircraft.

Figure 2.1. (A) Map of Belize. (B) St. George’s Caye, located east of mainland Belize near the
Belize Barrier reef, with overlaid orthomosaic maps. (C) Turneffe Atoll Marine Reserve is
located in the offshore waters of Belize. Gray dashed lines outline study areas. Red star denotes
flights conducted outside of the main study area.
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Figure 2.2. Aerial images of Antillean manatees illustrating identifying features used for photoidentification.

Methodology
Study Populations and Data Collection
UAS flights to track and observe bottlenose dolphins and Antillean manatees were
conducted in Belize from 2015 to 2017. Data were gathered throughout the year in both the wet
and dry seasons. Dolphins were found in several shallow marine ecosystems (mean water depth
= 3.6 m, range = 0.5 to 20 m) in both coastal and offshore regions of Belize (Figure 1A-C),
mostly at Turneffe Atoll Marine Reserve (Figure 1C). Turneffe is an offshore marine atoll 36 km
east of the mainland coast where a year-round, small population of resident and non-resident
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dolphins inhabit shallow seagrass lagoons enclosed by mangrove cayes and a fringing coral reef
system (Campbell et al., 2002; Dick and Hines, 2011; Ramos et al., 2016; Ramos et al., 2018).
Flights with manatees were primarily conducted on the leeward side of St. George’s Caye
(Figure 1B), located 9.5 km east of mainland Belize near the Belize Barrier Reef. The clear
shallow waters of our study area are sheltered by islands and predominantly seagrass habitats
which allowed us visibility to the seafloor (up to 5 m) and to observe animals continuously for
the duration of most flights.
Three small (1240–1400 g) commercial quadcopter UAS were used: the DJI Phantom 2
Vision + (P2), Phantom 3 Professional (P3), and Phantom 4 (P4). All models were white and had
very similar structure and appearance. Each model was equipped with a 4K camera mounted on a
gimbal with 3-axis stabilization. High-definition video was recorded to an onboard microSD card
in MP4 format. To reduce surface glare that restricts visibility into the water, a linear polarizer
was placed on the camera lens of each aircraft, and the camera was angled downward at 45–90º
towards focal animals. The aircraft was piloted by ER with a remote-control joystick. Monitoring
of the live video feed, as well as relevant flight metrics (e.g., battery levels, distance of the
aircraft from the pilot), was performed using the DJI GO application on a tablet (Samsung
Galaxy 8 or iPad 9) mounted to the remote control.
The aircrafts were launched from shore or from a small boat with the help of a ground
station operator who held the aircraft (P2, P3 or P4) overhead prior to launching it. The pilot
remotely controlled the aircraft to distances of <2 km. Flights were between 5 and 22 min in
duration and were performed in non-rainy conditions at wind speeds from 0 to 35 kt. Flight
movements were categorized as: (i) direct approaches: vertical descents towards animals at
speeds of 0.3–1.0 m/s; (ii) horizontal follows: altitude-stable horizontal flight in an effort to
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closely match animal movement, at flight speeds of 0–5 m/s; or (iii) hovering: stable hovering in
place over animals.
Bottlenose Dolphin Flights
Dolphin responses were recorded opportunistically during aerial focal and group follows
conducted from small boats and from shore (n = 3). Boat surveys to locate dolphins were
conducted from several small vessels (6–15 m long) equipped with one or two outboard engines
(85–250 HP). When dolphins were sighted, the vessel approached the group’s position slowly (to
within 30 m) to collect images for photo-identification using a SLR camera with a telephoto lens
(75–400 m). Groups were defined as all dolphins <100 m of each other (Shane, 1990). One
dolphin or dolphin group was approached and followed continuously for the entire flight. Group
size was measured initially from the boat and verified by counting dolphins in aerial video.
Dolphins were classified as adults, juveniles/sub-adults, or calves by relative size and based on
previous identifications. Sex was determined by viewing the genital region or by repeated
observations of an adult with a calf (Mann et al., 2000). After photo-ID was completed, the UAS
was launched to an altitude of 20 to 50 m and navigated over animals. Once over the animals, the
aircraft maintained its initial hovering altitude (50 m, 40 m, or 30 m) for 30 to 180 s, then
descended vertically (at 5 to 10 m intervals) in a direct approach until reaching a stable altitude
of either 20 m, 15 m, or 5 m. Up to six flights were conducted with each group. There was a
maximum of 4 vertical descents per flight. To minimize the behavioral effects of the research
vessel, during the majority of flights, the boat remained at a distance of 100–1500 m away from
the focal dolphin(s).
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Table 2.1.
Ethogram of non-response and response behaviors of bottlenose dolphins. Modifiers to
behavioral events: OM = Open-mouth, IN = Inverted, TW = Twist.

Behavior

Definition

Non-response
State
Forage
Mill
Rest

Socialize
Travel
Vessel interaction

Frequent directional changes during fish chase, rapid surfacings,
digging in the substrate, probing coral reef, or carrying fish.
Non-directional movement in the same general area.
Repeated surfacings with slow swim speeds and infrequent
directional changes, often involving periodic logging to one side
followed by an exaggerated breath.
Physical interactions with other dolphins including touching,
mounting, displays (e.g., breaches, tail-slaps), genital
inspections, leaping, play, and sexual behavior.
Continuous unidirectional swimming. In groups dolphins orient
and swim in a similar direction.
Head and body oriented towards watercraft, often involving
repeated close approaches (<3 m), ventral presentations, bowriding, and investigation.

Response
Event
Side-roll OM
Full-roll
Belly-up
Rostrum-up
Circular swim IN
Spin-and-orient
Breach IN, OM, TW

Head and body slightly turned to one side.
Slow turning along anterior-posterior axis making a full body
revolution.
Body oriented with ventrum facing upward.
Rostrum pointed upward, with body oriented along the same
axis.
Swimming in a circular, leftward or rightward motion as
observed from above.
Dolphin positioned directly below device, rostrum upward,
while spinning to maintain upright position in water column.
Body emerging above surface and splashing down.
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Antillean Manatee Flights
Manatees were sighted during aerial transects using the P3 and P4 models deployed and
remotely controlled from shore as a part of ongoing studies and monitoring of local animals
(Ramos et al., 2017). Once sighted, animals were randomly selected for UAS exposure. Groups
were defined as all manatees <10 m of each other. Multiple different individual manatees and
manatee groups were sometimes sighted during a single flight. The aircraft was initially flown to
an altitude of 100 m to locate manatees then descended to 60 m, 50 m, 40 m, or 30 m before
hovering over manatees for 30 to 120 s. The UAS descended again and remained at 20 m, 15 m,
10 m, or 5 m during horizontal follows for a maximum of 5 descents per flight. There was
evidence from preliminary data collected in 2016 that manatees changed their direction in
response to the aircraft’s flight path. Overhead flights were conducted to test the hypothesis that
UAS flight causes manatees to evade the aircraft. The aircraft was flown in a straight line over
the manatees and perpendicular to their swim direction.
Automated UAS imaging flights were conducted on 7 days in 2017 at St. George’s Caye
using the DJI GS Pro application to gather high-resolution photos that were stitched together to
build georectified orthomosaic maps of manatee habitats (Figure 1B). The aircraft was flown to
its starting point at an altitude of 150 m and flew autonomously in a saw-toothed transect pattern
for distances of 3 to 7 km capturing one 12 MP (4.1 cm/pixel) image at preselected waypoints.
Maps were compiled in OpenDroneMap (www.opendronemap.org) and WebODM
(www.webodm.org)
Data Analysis
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Information was extracted from the flight data logs to determine flight effort and examine
behavioral responses. The onboard GPS logged a waypoint every 100 ms and stored associated
information on altitude (m), speed (m/s), and distances traveled (m). The actual altitude of flight
was adjusted according to the height of deployment at 2 m above sea level in boat-based
deployments. The website www.airdata.com was used to generate flight reports. We suspected
that high wind speeds might raises the chances of animals responding to the UAS, because high
windspeeds increase the noise of the rotors (Christiansen et al. 2016b). To test this hypothesis,
mean wind speed and maximum gust speed (m/s) per flight were examined to identify if high
wind speeds increased the likelihood of animals responding to the UAS.
Flight tracks were examined in Google Earth Pro to ground-truth measurements of
manatees’ positioning and travel distances (m). Habitats at sighting locations were categorized as
follows: seagrass bed (dense or patchy), lagoon, channel, channel edge, cove, reef, or resting
holes (holes in the substrate where manatees frequently rest; Bacchus et al., 2009).
Aerial videos of dolphins and manatees were initially reviewed using QuickTime 10.4
Media Player (Apple Inc.). Animal activity data (including location, behavior, and position in the
water column) was coded using GriffinVC Behavioral Coding Software
(www.github.com/svirs/griffinVC). Response events (RE) were defined as events during which,
in the apparent absence of other stimuli, one or more animals appeared to change their behavior
following apparent detection of the aircraft. RE began when dolphins visibly changed their
behavior in response to the aircraft, and ended when they either returned to pre-response
behavior or began a different activity (Table 2.1), and sometimes included repeated UASorienting events. Disturbance was defined as RE in which animals exhibited potentially negative
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responses, such as increased vigilance, flight responses, and changes in short-term movement
patterns (Gill, 2007).
Dolphins were identified according to standard photo-ID techniques by matching dorsal
fin photos to a catalog of known dolphins in Belize (Campbell et al., 2002; Ramos et al., 2018).
We determined the minimum number of different dolphins exposed to the UAS throughout the
study instead of the exact number because it was sometimes not possible to identify all dolphins
when they were in large groups. To assess dolphins’ initial response to the UAS, the first flight
over each group (n = 48) was considered separately from subsequent flights.
Aerial videos of dolphins were analyzed to assess if bottlenose dolphins changed their
behavior in response to the UAS. We identified RE when dolphins exhibited response behaviors
such as orienting and turning towards the aircraft in a fashion uncharacteristic to the behavioral
state they were in prior to approach. Table 2.1 is an ethogram—a catalog of relevant behaviors—
lists the non-response and response behaviors exhibited by dolphins. Response behaviors
typically involved upward rostrum- and eye-directed movements to the aircraft and repeated
changes in position and body orientation. Dolphin observations were first analyzed to identify
possible responses to the aircraft using ad libitum sampling of behavior (Altmann, 1974).
Behavior states pre-and post-response were identified using continuous sampling. The behavior
of individual responding dolphins was coded using all-event sampling to identify each
occurrence of seven UAS-oriented behaviors (Table 2.1): “side-roll”, “full-roll”, “belly-up”,
“rostrum-up”, “circular swim”, “spin-and-orient”, and “breach”. The “side-roll”, “circular swim”
and “breach” were further characterized using modifiers that indicated whether the dolphin
performed the activity with an open mouth, while swimming upside down, or while twisting
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along the body’s longitudinal axis, as these behavioral modifications were occasionally
observed.
Dolphin swim direction was scored as left or right in cases that the dolphin executed a
turn as part of a response to the UAS. Bodily rotation along the longitudinal axis was scored as
clockwise or counterclockwise. Visible increases or decreases in dolphins’ swim speed following
their initial detection were noted. Direct responses to the boat and instances of social behavior
were especially likely to be misidentified as UAS-directed behavior because dolphins at this site
typically interact with vessels at first approach. We took special care in noting these behaviors
and excluded animals’ behavior within the first 5 min of sighting a dolphin group, a period when
dolphins are frequently observed interacting with the boat (Ramos, personal observation).
High-resolution images of manatees were used to photo-ID individuals with identifying
features (primarily scarring) across their bodies and classify age and sex where possible. Images
were taken from screenshots of aerial video (taken at altitudes of 6 to 60 m) in which most of the
manatee’s body was visible and exposed or just beneath the water’s surface (Figure 2). Multiple
images taken at different angles during a single sighting and over the course of the study were
examined for individually-distinctive features located anywhere on the body including: trunk,
head, left and right dorsal and ventral surfaces, and tail (e.g., Flamm et al., 2000; Langtimm et
al., 2004). Manatees were classified as adults, juveniles/sub-adults, or calves based on their
relative size. Females were identified by the presence of a closely-associated calf (e.g., O’Shea
and Langtimm, 1995; Langtimm et al., 2004). Identified individuals were compiled into a photoID catalog for the study, which was used to determine the total number of manatees exposed to
the UAS and re-identify animals. Manatees that could not be identified because of insufficient
markings or poor visibility were excluded from analysis for response behaviors.
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Manatee behavior was sampled continuously from the beginning of observations until
animals were out of sight. To identify if and how manatees changed their behavior after UAS
detection, their activity was coded using the states and events described in Table 2.2. RE were
identified when a manatee exhibited rapid shifts in behavior that differed from its pre-exposure
activity state, including flight responses. We sampled their behavior continuously for up to 20
min after the initial sighting to accurately document the duration of their responses and detect if
they responded multiple times to the aircraft. Changes in behavior and/or swim direction
immediately following aircraft movements were considered responses.
Each manatee’s swim distance (m) was measured from the location of their initial RE to
their location at 1-min post-RE. To perform this measurement, the GPS track for each was
overlaid in Google Earth Pro onto the high-resolution map we generated, and the distance
between these two location points was measured using the path tool. The exact locations of
manatees were ground-truthed by visual review of animal position and static habitat features
(e.g., sand patches, the edges of seagrass patches) in videos and the map. We used this method to
identify manatee swim direction before aircraft movements, then documented any changes in
their swim direction during or directly after these overhead movements relative to the aircraft’s
direction of flight.
Statistical Analyses
Statistics were conducted in GraphPad Prism version 7.00 for Windows (GraphPad
Software, La Jolla California USA, www.graphpad.com) and Microsoft Excel 2016. The
duration of time that individuals spent responding to the UAS, and the proportion of this
response time relative to overall observation time per flight, were calculated for each response
event for both species. The proportions of all flights in which dolphins or manatees responded or
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did not respond to the UAS were compared using a Chi-Square test at p < 0.05. The proportions
of individual dolphins responding vs. not responding to the UAS were compared using a ChiSquare test at p < 0.05. Only the first UAS flight for each dolphin group was considered in this
comparison). The same test was performed for manatees. The duration of dolphins and manatee
responses in their first confirmed response to the UAS (to account for the observation of specific
individuals responding on several occasions) were compared between species with a
nonparametric Mann-Whitney U test at p < 0.01. Mean wind speeds and maximum gust speeds
were compared across non-response and response flights within species using independentsamples t-tests to determine whether higher wind speeds were associated influence animals’
responsiveness to the UAS as p < 0.05.
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Table 2.2.
Ethogram of the different behaviors of Antillean manatees.

Behavior

Definition

Event
Dive
Tail-kick

Descend beneath the surface.
Rapid fluke thrust, often resulting in a large plume of silt.

State
Feed
Flee
Mill
Rest
Travel
Maternal
Nurse
Social

Feeding evident from floating grasses and direct observation of vegetation in
manatee’s mouth or manatee grazing on the seabed.
Manatee swimming rapidly away from previous position.
Non-directional travel within a limited area.
Stationary repeated surfacings in a single location with little to no other
observed behavior.
Continuous slow unidirectional swimming.
Maternal care-giving behaviors, including touching of dependent calf.
Dependent calf oriented with head at mammary glands of its mother,
presumably attempting to feed.
Direct interaction between one or more manatees, potentially including
touching, mating behavior, herding, and large splashes.
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Results
Bottlenose Dolphin Responses
We included 56 sightings of dolphins in our analysis. These flights took place on 48 days
in 2015 (n flights = 53), 2016 (n = 71), and 2017 (n = 14). Flights were on average 14.7 min in
length (SD = 2.6 min), ranging from 3.0–17.4 min, for a total of 33.3 hr of flight time. Of this
total flight time, we directly observed dolphins for a total of 31.4 hr. In most sightings, multiple
flights were conducted with each group. The groups we observed contained a mean of 5.14
dolphins (SD = 3.8) and ranged from 1–17 animals. Flight altitudes across all flights ranged from
5–100 m, with a mean of 20.74 m.
Dolphins responded briefly to the UAS in 8 RE. Characteristics of dolphin RE are
described in Table 2.3 and Table 2.4. Responses were of short duration and largely consisted of
turning and upward-directed orienting behaviors (shown in Figure 3A–F). We observed possible
responses to the UAS during 10 other flights; however, these behaviors occurred simultaneously
with social interactions, and potential response behaviors were difficult to distinguish from social
behavior directed at conspecifics. Dolphins briefly changed their pre-response behavior state
then quickly returned to pre-response or a different behavior state. These sometimes involved
vessel interactions directly before responses and less so after in which animals actively
approached vessel. Dolphins were more likely to respond in the first flight with each dolphin
group. Responses were detected in 12.5% of the first flights with each dolphin group, and 85%
(n = 6) of all responses occurred during these initial flights.
We identified, at minimum, 68 different dolphins across these sightings. Responses to the
UAS were detected in 9 of these dolphins, 13.2% of the animals we identified (Table 2.4). Most
responding animals were adults, but two subadults and one calf also showed reactions to the
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UAS (Table 2.3). The responding groups ranged in size from 1–8 dolphins, but most responses
only involved a single dolphin or pairs. Dolphins slightly decreased their swim speed during
most RE (n = 5), increased in one RE, and maintained their swim speed in two RE. The most
frequently observed behaviors were upward-orienting behaviors like the side-roll, the belly-up,
and the rostrum-up (Figure 2.4). Across response behaviors that involved rotations (n = 34),
dolphins turned left in 71% of behaviors and turned right in 29% of behaviors. Circular swims
involved clockwise turns in one RE (11%) and counterclockwise turns in 8 RE (88.9%). Only
one dolphin exhibited possibly agonistic display behavior: an open mouth and repeated breaches
(RE# 3).
Dolphins responded to UAS flown at a mean altitude of 19.65 m (Table 2.4). The stacked
histogram that shows the number of dolphin and manatee responses in Figure 2.5 illustrates our
finding that most dolphin responses occurred in a narrow range of low altitudes, while manatee
responses occurred at a broader range. Most dolphin responses occurred during horizontal
follows by the UAS (n = 9), one occurred during vertical descent, and one during ascent. All
dolphins began visibly responding when their bodies were fully underwater, and no parts
exposed to the surface. The average latency of dolphins’ response, from the time of initial UAS
exposure to the start of dolphin RE, was 166 s (SD = 2.75 s), and varied across animals from 3 to
455 s. The majority of RE in dolphins occurred in response to the P3; however, this may be due
to the fact that the P3 was flown more than the P2 or P4, rather than being due to differences
between the aircraft (Table 2.3).
Mean wind speed (mean across all flights = 5.26 m/s, SD = 2.96 m/s) and maximum gust
speed (mean = 6.65 m/s, SD = 3.88 m/s) during dolphin response flights were slightly lower than
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for non-response flights (wind speed: mean = 5.58 m/s, SD = 2.63 m/s; max gust: mean = 6.92
m/s, SD = 3.27 m/s). However, these differences were not significant at p < 0.05.
Antillean Manatee Responses
We included 83 sightings of manatees in our analysis. In contrast to dolphin flights,
multiple distinct solitary manatees and small groups were followed in most flights. These flights
took place on 16 days in 2016 (n flights = 20) and 2017 (n = 53). Flights were a mean of 17.1
min in length (SD = 1.8 min) and ranged from 14.3–20.3 min, for a total of 24.3 hr of flight time.
Of this total flight time, we directly observed manatees for a total of 22.6 hr. Flight altitudes
across all flights ranged from 5–120 m, with a mean of 43.79 m.
A total of 83 different individual and groups of manatees were exposed to the UAS.
Thirty-three of these sightings involved single manatees, and 50 involved groups of ≥2 manatees.
We sighted 146 manatees, with 84 adults (mean per group = 1.01, SD = 1.3, range = 1–4), 36
juveniles/sub-adults (mean = 0.43, SD = 0.31, range = 0–2), and 26 calves (mean = 0.31, SD =
0.49, range = 0–2). Manatee groups contained a mean of 1.77 manatees (SD = 1.3), ranging from
1–6 animals. Photo-ID analysis revealed these 146 manatees consisted of a minimum of 66 and a
maximum of 71 distinct individuals accounting for repeated sightings. Some manatees could not
be identified because of a lack of scarring or other definable features (n = 5) indicating some
repeated flyovers were undetected. We randomly selected individual manatees for exposure to
the UAS, but several manatees (n = 17) in addition to these animals were inadvertently exposed
to the aircraft because the individual manatees could not be identified at the time of UAS flyover
in the lower resolution tablet view. Individual manatees were exposed to the UAS a mean of 2.1
times (SD = 3.2; range = 1–17 times).

75

DRONES ADAPTED FOR COASTAL MARINE MAMMALS
Manatee responses were detected in 24% of all exposures (n = 20), and the characteristics
of these responses are described in Table 2.4. Manatees responded by quickly changing their
behavior; often a manatee would execute a powerful tail-kick (a movement which raised a large
plume of silt), and swim quickly away from the area. Many animals continued to respond for
several minutes (see Figure 2.6A–D). A total of 29 identified manatees responded to the UAS, in
a total of 36 detected manatee responses, that included repeated responses of some animals.
Twenty-three of these manatees appeared to respond directly to the UAS. In other cases, the
responses of these directly-responding manatees appeared to cause behavior change in one to
four nearby manatees. More adult manatees responded to the UAS (n = 14) than did
juveniles/sub-adults (n = 8) or calves (n = 7), but adults were exposed at higher rates. Calves
likely responded because of their mothers. Responses between individuals and groups was highly
variable; one mother/calf pair was exposed 17 times but only responded in the first UAS
approach, while one juvenile/subadult manatee that was exposed 14 times responded with 11 RE.
The UAS caused strong disturbance responses in manatees. In short, the animals that
responded fled the aircraft, and they directionally evaded the UAS when pursued. Every manatee
that directly responded to the UAS (n = 23) changed their behavior to fleeing. Of these animals,
13 (44.8% of all responding individuals) responded to direct UAS approach upon their first
exposure to the aircraft. These animals, which we presume had no previous UAS experience, all
changed their behavior following detection of the aircraft from either feeding (n = 11) or milling
(n = 2) to fleeing. They included adults (n = 7), juveniles/sub-adults (n = 5) and a single calf.
Most of the manatees that appeared to react because of a directly-responding manatee also
changed their behavior to fleeing. All manatees responded close to the onset of initial UAS
exposure, with an average response latency of 33.4 s (SD = 33.2 s) which ranged from 0–120 s.
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The proportion of manatees (N = 36) that were moving at the onset of the exposure (52%), as
opposed to remaining in one place, increased to 69% immediately after exposure. Responding
manatees spent an average of 80% of the total flight observation time fleeing the aircraft (SD =
0.18, range = 13–97%). By one minute after the initial response, manatees that were still
responding (n measured = 19) fled a mean distance of 258 m (SD = 163.6 m, range = 2.2–582.0
m). Fleeing manatees typically swam across shallow seagrass flats; ten manatees fled into the
deeper waters of a nearby channel in 4 different RE; and 4 manatees fled into nearby resting
holes in 3 different RE.
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Table 2.3.
Characteristics of response events of bottlenose dolphins to small unmanned aerial systems. “*”
denotes a shore-based deployment of the UAS, as opposed to boat-based. RE# = Response event
number; RD = Response duration; DA = Direct approach; HF = Horizontal follow; ID =
Identity of animal; Age (Sex): Juv/Sub = Juvenile/sub-adult, Sub = Subadult, M = Male, F =
Female; Behavior State Pre and Post response: TR = Travel, SO = Social, VI = Vessel
interaction, FE = Feeding, MI = Milling.

Dolphins
RD
(s)

Altitude
(m)

UAS
type

Flight
movement

1

17

29

P2

2

22

17

3

96

4

RE#

Behavior State

Group
size

n
responded

ID

Age (Sex)

Pre

Post

DA

8

1

BZTA187

Adult

TR

VI

Rostrum-up then spin-andorient.

P2

HF

3

1

BZTA170

Adult (M)

SO

SO

Oriented upward and siderolled several times.

11

P3

DA

1

1

BZTA147

Juv/Sub (M)

TR

FE

Series of social displays
involving breaches, inverted
breaches, and open-mouth.

22

16

P3

HF

1

1

BZTA192

Adult

TR

TR

Brief rostrum-up and spinand-orient.

5

11

27

P3

HF

7

1

Unk

Adult

MI

MI

Brief upward orientation.

6*

60

30

P3

DA/HF

2

2

BZSG001

Adult (F)

TR

TR

Circle then side-roll.

BZSG001c01

Calf

TR

TR

Circle under with mother.

DA

Brief description

7

50

21

P3

HF

2

1

BZTA170

Adult (M)

VI

SO

Side-roll and roll looking up.

8

44

20

P4

HF

4

2

BZTA131

Adult

VI

VI

Both animals responded
simultaneously, twice.

BZTA194

Juv/Sub

VI

VI
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Table 2.4.
Characteristics of bottlenose dolphins and Antillean manatee responses to small unmanned
aerial systems. Time and altitude values shown are mean ± standard deviation, with range in the
row below. RE = Response event.

Species
Bottlenose
dolphins
Antillean
manatees

n
individual
responses

n total
distinct
dolphins
responde
d

n
days

n
flights

n
RE

n
minimu
m
exposed

7

7

8

68

10

9

11

19

20

71

36

29

79

Duration
(min)
0.22 ±
0.23
0.1 - 1.0
6.85 ±
3.22
1.43 11.22

Total
response
time
(min)
5.37

136.93

Altitude
(m)
19.65 ±
4.96
11 - 30
20.6 ±
14.99
6 - 52
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Figure 2.3. Examples of bottlenose dolphin responses to a small multi-rotor unmanned aerial
system. Response behaviors included (A) side-roll, (B) belly-up, (C) circular swim (left), (D)
spin-and-orient, (E) side-roll (open-mouth), and (F) breach (inverted). Descriptions of behaviors
are in Table 2.1.

Animal-directed aircraft movements were more likely to cause responses than either stable
hovering or horizontal follows. Manatees responded to direct aircraft approaches (vertical
descents) at altitudes of 6 to 52 m (Figure 2.5). In flights with no responses (n = 63), manatees
were tracked for a total of 14.72 hr of horizontal follows, with no signs of UAS-induced
behavioral changes. Responses to the P4 (n = 12) were more frequent than to the P3 (n = 8), but
manatees were exposed primarily to the P4 (n = 63). More responses occurred during direct
approaches (70%; n = 14 RE) than during stationary hovering (30%; n = 6 RE). Most
responding manatees (95%) were full underwater when they first responded.
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UAS flight over manatees after their initial responses consistently elicited changes in
swim direction. Changes in manatee swim direction were identified in 77.8% of RE (n = 14).
After their first response in 18 RE, manatees responded to 96.2% of overhead flight movements
by changing their swim direction by 45–90º relative to the trajectory of the aircraft. Manatees
typically responded <5 s of the aircraft flying overhead at an altitude range of 6 to 104 m and
continued to respond to each overhead pass with directional evasion. Manatees directionally
evaded the aircraft despite aircraft descents of 10 m and ascents of up to 98 m (Figure 2.7).
Mean wind speed (mean across all flights = 6.56 m/s, SD = 3.3 m/s) and maximum gust
speed (mean = 9.5 m/s, SD = 5.01 m/s) were higher in manatee response flights compared to
non-response flights (wind speed: mean = 5.02 m/s, SD = 3.26 m/s; max gust: mean = 7.35 m/s,
SD = 4.74 m/s). However, these differences were not significant at p < 0.05.
Comparison of Dolphin and Manatee Responses
Manatees were more likely to respond to the UAS than dolphins, and they displayed
stronger responses. The difference in frequency of response between the two species was
significant, with dolphins responding during 0.05% of UAS flights, versus manatees which
responded in 26% of their flights. (p < 0.01, X2 = 15.7196, df = 1). A greater number of
individual manatees responded to the UAS than did individual dolphins (Table 2.4). At
minimum, excluding repeated exposures, 19.2% of all manatees observed responded to the UAS,
and 10.3% of dolphins responded. However, this difference was not found to be statistically
significant (p = 0.1669, X2 = 1.9109, df = 1).
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Figure 2.4. Pie chart illustrating the relative proportion of each response behavior of bottlenose
dolphins. Modifiers: OM = Open-mouth, IN = Inverted, TW = Twist.
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Figure 2.5. Stacked histogram of the number of response events to the aircraft in bottlenose
dolphins and Antillean manatees.

83

DRONES ADAPTED FOR COASTAL MARINE MAMMALS

Figure 2.6. Sequence of response behaviors of an Antillean manatee exposed to a small
unmanned aerial system. (A) The feeding manatee was stationary pre-response. (B) Upon
detecting the aircraft during direct vertical approach, the manatee began to swim away rapidly
(B) leaving a large silt plume and (C) fleeing the area. In some flights, (D) aircraft movements
caused manatees to directionally evade the aircraft’s flight path.
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Figure 2.7. Altitude of Antillean manatee response events to directional overhead UAS flight.
Manatees directionally evaded the aircraft following multiple overhead movements despite
ascents to 104 m. The number of responses is listed from the first (initial) to the fifth individual
response.
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The duration of responses (both on average, and in total) was longer for manatees than for
dolphins, both in individual RE and across all events (Table 4). When controlled for individual
identity and repeated responses, manatees responded for significantly longer durations than did
dolphins within the first UAS flight per group (Mann-Whitney U test, U = 1, p = 0.00006).
Dolphin RE occurred at lower altitudes, both on average and in comparison of altitude
range, than for manatees (Figure 2.5), but a Mann-Whitney U test revealed these differences
were not significant (p = 0.1521).
Discussion
Our findings document the behavioral responses of coastal bottlenose dolphins and
Antillean manatees to small multi-rotor UAS. Aircraft activity caused different behavioral
responses in dolphins and manatees that depended on both flight- and animal-related factors.
Both species reacted to UAS flights at a broader range of altitudes than previously reported for
marine mammals (e.g., Pomeroy et al., 2015). Only a small subset of the dolphins that we tested
responded to the aircraft, and that tended to be when they were directly approached and
followed. Dolphins who did react to the UAS changed their behavior briefly, orienting towards
the aircraft before returning to their pre-response activity. Only one dolphin responded in a way
that appeared potentially negative, indicating a possible disturbance. In contrast, many Antillean
manatees exhibited strong disturbance behaviors in response to our aircraft. Those that reacted
rapidly fled the area. Manatees responded for significantly longer durations than dolphins, in a
higher proportion of flights, and with more severe disturbance responses indicating they were
more sensitive to UAS and their effects. Most disturbed manatees continually evaded the
pursuing UAS until the end of is flight, changing direction repeatedly as the aircraft flew over
them at high altitudes. Flying the aircraft directly over disturbed manatees during the post-
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response period consistently provoked the animals to change direction, indicating heightened
vigilance and avoidance. These findings suggest that multi-rotor UAS, in Belize and possibly
elsewhere, are a more disruptive stimulus for Antillean manatees than for bottlenose dolphins.
Responses of Bottlenose Dolphins and Antillean Manatees
Dolphins exhibited low overall responsiveness throughout all UAS flights. Animals only
reacted in a small proportion of observations. When they did appear to notice and respond to the
aircraft, the duration of their responses was short and animals seemed minimally impacted.
Dolphins’ responses involved investigation of the aircraft (e.g., side-roll, spin-and-orient). These
behaviors were similar to reports of whales rolling to one side to view UAS (e.g., Kerr et al.,
2016 Domínguez-Sánchez et al., 2018), as well as the “alert” and “head-up” behaviors described
in seals during aircraft approach (Pomeroy et al., 2015). Dolphins exhibited open-mouth
behaviors during side-rolls, which is similar to reports of a sperm whale rolling on its side with
mouth agape in response to a fixed-wing manned aircraft (Smultea et al., 2008). This suggests
that measuring the incidence of side-turning behaviors may be a useful diagnostic criterion for
detecting cetacean responses to UAS. The single dolphin in our study that engaged in excited
responses and possible social displays, and potentially agonistic responses may have been trying
to evade the aircraft, but it was unclear if this was the case. A lack of responses to the aircraft
when it was flown above 30 m suggests that if a small UAS is responsibly piloted, with minimal
animal-directed movements at sufficiently high altitudes, dolphins are unlikely to be significantly
impacted.
The evasion we observed in responding manatees appeared similar to typical disturbance
responses of marine mammals to close vessel approaches (e.g., Williams et al., 2002; Senigaglia
et al., 2016). Manatees exhibited a strong sensitivity to multi-rotor aircraft movements, fleeing
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from aircraft at altitudes ranging from 6 to 52 m, and repeatedly evading the UAS at altitudes as
high as 104 m. The manatee reactions reported here are similar to the bucking behaviors
observed in humpback whales and southern right whales during blow collection (e.g., Kerr et al.,
2016), both characterized rapid tail movements and apparent evasion following UAS detection.
Manatees fled from aircrafts for long durations across seagrass flats, and occasionally into deeper
water if it was available. This behavior is similar to the reactions of Florida manatees following
boat disturbance (Nowacek et al., 2004), and also resembles observations of seals fleeing haulout sites into the water following UAS disturbance (Pomeroy et al., 2015). Interestingly,
manatees have no regular natural predators but were intensively hunted in Belize from preColumbian times (McKillop, 1984) till the late 19th century (Bonde and Potter, 1995), pressures
that can sometimes cause manatees to shift their activity to avoid human detection (Jiménez,
2002). Manatees in our study area may respond strongly as a result of a combination of historical
hunting behavior and daily exposure to boat traffic in the region leading them to evade
approaching objects.
Our findings indicate that manatees can be negatively affected by UAS in various ways,
including loss of feeding and resting opportunities and possible area avoidance (including
avoidance of critical habitats). For example, responding manatees sometimes fled into nearby
deep-water channels, where they were at increased risk of encountering boat traffic. These
responses might have especially negative results for vulnerable animals; for example, if manatee
flight responses cause the separation of mother and calf, there is an increased risk of calf
orphaning or calf death (Parente et al., 2004). Repeated evasion by manatees, and persistent and
repeated responses by multiple dolphins, suggests that the increases in animal vigilance
following disturbance by a UAS can result in short-term changes in natural behavior patterns.
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Birds and marine mammals on land have shown similar responses to UAS (e.g., Chabot and
Bird, 2012; Pomeroy et al., 2015). Improper use of UAS targeting marine megafauna could be
especially harmful to animals with restricted home ranges, as they may be repeatedly driven
from core habitats. The ability to continuously follow animals, while greatly beneficial in
tracking cryptic species like manatees, could be problematic for animals that cannot evade an
aircraft. The strong disturbance responses we observed in manatees suggests regulations should
require UAS pilots to exercise extra caution when using these systems near sirenians.
Individual differences in the personality and experiences of animals within each
population likely drove differences in their responses to UAS flight. For example, the two
repeated responses of a dolphin (18 months apart) and numerous repeated responses of a manatee
(repeated in the same week and again 12 months later) suggests some animals may be more
susceptible to disturbance than others. Risk may be higher if they are resident to areas with
frequent UAS operations (as with these two animals) or in areas where individuals cannot be
identified or distinguished. It is unknown whether repeated aircraft exposures caused behavioral
habituation or sensitization in dolphins and manatees, and distinguishing these processes from
naturally variable levels of tolerance in their populations will require further study (Bejder et al.,
2009). For example, a mother/calf pair repeatedly exposed to the aircraft on only visibly
responded in the first flight. On the other hand, the manatee previously mentioned responded in
its first flight and continued to respond in many flights. Dolphins were most likely to respond to
UAS towards the beginning of the first flight to which they were exposed, and tended not to
respond again in up to 5 repeated flights in the same sighting. Manatees that responded tended
not to be present for repeated flights, as the response flight typically caused them to flee the
immediate area. Previous experiences with watercraft may affect the likelihood of animals to
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respond to UAS, and specific individuals or age/sex classes may vary in their susceptibility to
disturbance (e.g., Lusseau, 2006). Numerous manatees were identified using scars acquired
during close interactions and collisions with watercraft. Such events could sensitize animals to
the noise of nearby motorized engines, such as those of our quadcopters.
How Did Dolphins and Manatees Detect the UAS?
Both species showed evidence of using multiple sensory modalities during initial
detection of the UAS and throughout their responses. Which of these modalities initially alerted
animals to the aircraft, however, is still unclear. Dolphin responses involved clear visual
orientation towards and investigation of the aircraft, but these orienting behaviors began after
having already detected the aircraft above them. It is possible that the dolphins initially heard the
sound of the quadcopters’ rotors. Because manatees rapidly fled the area, there is insufficient
evidence to speculate as to whether they detected the aircraft visually or acoustically. Bottlenose
dolphin visual acuity is equally as good in air as it is in water in regular daylight (Herman et al.,
1975), while manatees have poor visual acuity both in air and underwater (Bauer et al., 2003).
An approaching aircraft presents animals with an increasingly intense and novel stimulus, both
acoustically and visually, and each model used here was equipped with four downward-facing
lights. These alternated between a red, blinking light, and a green, constant light. Animals may
have been able to see these lights (Kerr et al. 2016). The shadow of the aircraft was not visible
on the water’s surface in most of our videos; furthermore, the position of the UAS relative to the
sun made it unlikely that the animals would detect a shadow.
Across all responses, dolphins and manatees reacted primarily when the aircraft was
directly or nearly overhead. In this position, the noise of the four active aircraft motors is
greatest. The likelihood of detection of this noise, once it penetrates the water’s surface, may be
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increased by reflection and refraction of the rotor noise off the seabed and surface (Erbe et al.,
2017). Recent acoustic experiments with UAS (e.g., Christiansen et al., 2016b; Erbe et al., 2017),
coupled with the established hearing capabilities of the West Indian manatee (Gerstein et al.,
1999; Gaspard et al., 2012) and bottlenose dolphin (Johnson, 1967), indicate that the three
aircraft used in this study produce both in-air and underwater sounds that are audible to both
species. However, tests of different multi-rotor UAS models suggest that aircraft noise is
unlikely to affect most marine mammals when they are underwater, both because the noise is
masked by in-air ambient noise and because most of the sound energy fails to penetrate the
water’s surface (Christiansen et al., 2016b; Erbe et al., 2017). It is still unclear how manatees
detected the UAS at altitudes of up to 104 m, or how they detected the aircraft’s flight path well
enough to directionally evade it. A combination of a change in altitude of the UAS with a
subsequent change in its appearance, and a change in the direction of the noise from the UAS
may together facilitate the animal’s detection of the aircraft. Future research with animals in
captivity will be useful for establishing clear behavioral and sensory thresholds for the use of
UAS in studying these species.
Best Practices for UAS flight Dolphins and Manatees
Mitigating the negative effects of UAS use requires taxa- or species-specific impact
assessments. Flight protocols must be designed according to both data collection needs and local
regulations of UAS. Our findings support the need for published best-practices guides to UASuse (e.g., Hodgson & Koh, 2016; Smith et al., 2016). In addition, here we will propose several
guidelines for multi-rotor UAS operations with marine mammals. Each of these guidelines must
be further validated in future studies.
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1) Develop in situ metrics for detecting animal disturbance in response to the UAS.
Responses to the UAS varied between species and individuals. In addition to this,
animal responses to the aircraft were not always easily detectable, resulting in
unintentional disturbance. Some animals that were exposed to the aircraft on multiple
occasions responded to it several times. Individual animals, as well as animals in
different age/sex classes, responded differently to the UAS. Metrics to gauge
potentially negative effects of UAS on study animals must be designed to take these
variations into account.
2) Fly UAS at the highest altitudes feasible for acquiring sufficient-quality data. The
increased animal disturbance we observed in flights lower than 60 m suggests that
minimum flight altitude limits need to be established. These limits may differ
between species. Systems with improved camera resolution should be prioritized to
reduce the need for low-altitude flights.
3) Minimize aircraft movements and avoid direct approaches to animals. Dolphins and
manatees were more likely to respond to vertically-descending direct approaches than
to either horizontal follows or stable hovering. In this way they are similar to other
reported species (e.g., McEvoy et al., 2016; Smith et al., 2016). This was true despite
the relatively short duration of direct approaches; horizontal follows and hovering
were prolonged, and yet provoked fewer responses.
4) Camouflage the aircraft to reduce its visibility and audibility (i.e., noise output). UAS
may be painted to reduce their visibility (Kerr et al., 2016). The use of low-noise
rotors and propellers could also significantly reduce the probability of detection and
disturbance. Additionally, sufficient pilot skill and maintenance of equipment are
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integral to careful and controlled flight, and in preventing crashes, which are
potentially dangerous for both animals and operators.
The findings of this study will inform protocols for scientific, management, and
recreational use of UAS with marine mammals, both in Belize and across the range of bottlenose
dolphins and Antillean manatees. Increasing unregulated recreational UAS use and a lack of
resources for effective enforcement may create a problem for these species, especially at coastal
destinations where tourism brings high numbers of boaters and swimmers into critical habitat for
marine species. To legally fly UAS near wildlife in Belize, permits from several government
offices and managing authorities are required. The Wildlife Protection Act of 1982 makes it
illegal to harass marine mammals, with harassment including any disturbance that causes
changes in behavioral patterns. These restrictions are similar to those imposed in the USA by the
Endangered Species Act and the Marine Mammal Protection Act of 1972, which are enforced by
the US Fish and Wildlife Service and the NOAA’s National Marine Fisheries Service (Smith et
al., 2016). Recommended flight protocols can be integrated into international regulations. For
example, in the state of Florida a lack of published data on the effects of UAS exposure on
manatees has resulted in restrictions on UAS use. Further study in Belize may be used to inform
these permitting guidelines in Florida, despite national boundaries. In general, further study to
evaluate exposure thresholds will improve the development of protocols for UAS flight with
dolphins and manatees.
Findings from this study illustrate the strength of UAS to gather high-resolution
observations of animal behavior. Such information can be critical for effective management of
marine fauna. We demonstrated that the use of UAS follows can be effective in tracking specific
fine-scale behavioral responses, even among individual animals. Orthomosaic maps produced
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from UAS images enabled us to precisely verify animals’ location, to track individuals, and to
measure detailed habitat characteristics. In addition, we developed a method for photo-ID of
Antillean manatees through UAS-based imagery of their bodies (see Figure 2.2). This strategy
was most useful in distinguishing individual manatees in groups and over short time scales (e.g.,
several weeks, 1 yr), but it is still unclear whether individual animals will be successfully resighted using this method over a span of multiple years. There are several limitations to this
method of manatee identification that will be examined in detail in an article in preparation
(Landeo-Yauri et al., in preparation). First, it was heavily dependent on the clear and calm waters
of our study site. This water clarity allowed for reliable detection and tracking of manatees over
sustained periods of time, and allowed us to examine individuals’ scars and visible marks across
their entire body. These conditions may be unavailable in many turbid manatee habitats.
Secondly, the use of this method is less effective in identifying manatees with insufficient or
impermanent scarring. Thirdly, the need to fly to at low altitude to obtain high-quality imagery
may cause manatees to flee. Finally, the behavior of the manatees during flight sometimes made
identification challenging or impossible. For example, resting manatees rarely expose more than
the tip of their snout above the water, making them more difficult to see. Future studies using
UAS for manatee photo-ID should carefully examine detectability of animals across field sites
and conditions, prioritizing methods that minimize disturbance to target animals.
Our study was subject to several limitations. Different methodologies were employed to
detect and approach dolphins and manatees based on species-specific constraints (e.g.,
movement patterns and group sizes). This restricted us from using identical approaches to
compare the responses of dolphins and manatees to UAS. We were also limited in our
acquisition of control data with no UAS present, as it was the UAS itself that enabled us to
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gather high-resolution overhead video of the animals. These factors may limit the
generalizability of our results to other populations. Dolphins were observed primarily during
boat-based deployments; these required close vessel approaches for photo-ID, and rapid aircraft
launches to maintain sight of dolphin groups. Dolphins regularly interacted with the research
vessel during observations, and before and after several RE. These factors may have affected the
animals’ behavior, changing the likelihood that they would respond to UAS (e.g., Lemon et al.,
2006). Our ability to discern response differences between aircraft models was limited by
logistics requiring the use of available models. The turning and movement behaviors that we
used to identify UAS responses are similar to many dolphin social behaviors, and this may have
caused us to overestimate UAS response levels in some cases. Unlike manatees, near-constant
dolphin movement made detection of specific flight responses or movements away from the
UAS infeasible in most videos. Finally, the measures of behavioral change we employed were
restricted to visible behaviors and detectable changes in movement patterns. It is possible that
focal dolphins and manatees exhibited changes in acoustic activity or physiological state, which
we were unable to detect. Animals sometimes respond to disturbance stimuli with increased
levels of stress-related hormones and chronic stress if they are unable to avoid harmful stimuli
(e.g., Rolland et al., 2012). For example, American black bears (Ursus americanus) and king
penguin (Aptenodytes patagonicus) chicks equipped with cardiac biologgers responded to UAS
flights with elevated heart rates, at times with no observable behavioral responses (Ditmer et al.,
2015; Weimerskirch et al., 2017). Tests using blow samples collected from whales, or
measurement of stress hormones and blood cortisol levels in captive marine mammals, will be
valuable in evaluating these “invisible” physiological effects of UAS response. Future studies
examining species-specific responses to UAS may prioritize shore-based operations to reduce the
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bias introduced by a nearby research boat. Such studies may also make use of multi-sensor tags
to track study animals, rather than relying on visual evidence alone.

Chapter 3: Scale-dependent habitat selection of coastal bottlenose dolphins in a tropical
lagoon
Abstract
Marine predators are predicted to modify their movements and habitat use to maximize
feeding opportunities. These scale-dependent responses to the hierarchical spatial distribution of
prey in patches occur where resources are heterogeneously distributed within environments.
Determining the scales and habitat features to which predators adjust their movements provides
important insights into the ecological factors driving their habitat selection preferences. Here, we
investigated the fine-scale habitat selection and movements of bottlenose dolphins (Tursiops
truncatus) inhabiting shallow water lagoons in an offshore atoll in Belize. Local dolphins are
reported to preferentially feed in seagrass/sand boundary habitats and specialize in bottom
foraging within dense seagrasses. We tested the hypothesis dolphins display scale-dependent
habitat selection preferences, exhibiting different activity patterns across habitat types, and
preferentially feeding and concentrating their search effort at a fine-scale in areas with a high
proportion of seagrass/sand boundary habitat and displaying area-restricted search (ARS)
behaviors during feeding. Dolphin activity budgets and movements were quantified in analysis
of aerial video observations gathered with small aerial drone flights from 2015 to 2017 (n = 102).
The GPS track of each flight was plotted on high-resolution satellite imagery and reviewed with
videos to identify the location of the dolphin group every 10 s and generate spatial trajectories of
group movements (n = 28). Trajectories were analyzed for first-passage time (FPT) to identify
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ARS behaviors and the scale of search effort. Dolphins displayed habitat selection at large scales,
feeding primarily in areas dominated by boundary habitats in outer regions of the lagoon while
engaging in other activities throughout the study area. FPT analysis of group trajectories tested at
a fine scale (r = 5 m) revealed dolphins adopted ARS behaviors in a 57% of paths (n = 16),
displaying fine-scale ARS behaviors with high FPT variance most during foraging behavior. The
scale of high FPT ARS zones (mean  SD = 35.9  32.1 m; range = 10–100 m; n = 8) were
larger in size to the radius of foraging movements measured in aerial video observations (mean 
SD = 24.0  10.8 m; range: 5–41.8 m; n = 17). At large scales (r = 20 m and 50 m), fine-scale
peaks were no longer detectable but multiple peaks appeared within large scale ARS radii,
highlighting the presence of nested hierarchical structure of dolphin feeding in this population.
ARS zones overlapped with feeding areas in a small area with substrates dominated by
seagrass/sand boundary habitats. Our findings provide evidence for scale-dependent adjustments
to their movements and activity in bottlenose dolphins according to habitat composition and
illustrate the future potential for using drone-derived data to determine scales of dolphin habitat
selection.
Introduction
Understanding the habitat selection preferences and movement patterns of marine
predators is critical to identifying the relative importance of habitats to wildlife and remains a
fundamental question in the ecology of most animal populations (Lima & Zollner, 1996; Hays et
al., 2016). For marine predators, decisions of where to invest effort and time foraging are
fundamental to maximizing their energetic output and improving their fitness (Stephens &
Krebs, 1986). In most marine environments, habitats are spatially heterogeneous landscapes
where prey are distributed in patches within hierarchically structured systems (Fauchald, 1999;

97

DRONES ADAPTED FOR COASTAL MARINE MAMMALS
Fauchald & Tveraa, 2006; Kotliar & Weins, 1990). In these conditions, foraging predators
typically display scale-dependent movements and activity patterns in response to local patch
quality (e.g., prey density) and interactions with oceanographic conditions (e.g., bathymetry,
currents) at multiple spatial scales ranging from fine-scale (e.g., discrete prey patch) to broadscales (e.g., across a home range) (Fauchald, 1999; Johnson et al., 2002; Pinaud & Weimerskich,
2005). To determine the factors that drive these preferences and the ecological scales to which
they respond, the movement paths of animals can be subjected to different spatial and ecological
tests to reveal associations between habitat features and species biology (Johnson, 1980;
Guararie et al., 2017).
Understanding the relationship between these movement patterns and their function for
wildlife relies on assessments of the time allocation of animals in specific patches. Predators will
concentrate their search effort within patches of high prey densities and minimize time spent in
areas with fewer resources (Fauchald, 1999; Kotliar & Weins, 1990). These behaviors, called
area-restricted search (ARS) behaviors, are characterized by animals increasing their turn rate
and decreasing their speed to maximize search effort in preferred habitats (Kareiva & Odell,
1987; Fauchald, 1999). ARS behaviors are often detected in feeding-associated movements of
marine (Pinaud & Weimerskirch, 2005; Suruyan et al., 2006; Weimerskirch & Pinaud, 2007;
Hamer et al., 2009) and terrestrial species (Vergara et al., 2021; Byrne & Chamberlain, 2012;
Friar et al., 2005). Various methods have been used to identify ARS zones (i.e., areas in which
ARS behaviors occur) and relate their characteristics with environmental variables. These
assessments can be conducted by analyzed the first-passage time (FPT) of movement paths,
defined as the time it takes for an animal to cross a radius of a given size throughout movement
paths. In paths where animals concentrate search, the resulting variance of log-transformed FPT
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values plotted as a function of scale of search radius will possess multiple peaks indicative of
ARS behaviors at the scale of their search (Fauchald & Tveraa, 2003), providing a scaledependent measure of animal search effort (Johnson et al., 2002; Fauchald & Tveraa, 2003).
Tested at larger radius scales, fine-scale ARS behaviors are often undetectable, potentially
masking nested fine-scale ARS behaviors within larger ARS zones (Fauchald et al., 2000; Hamer
et al., 2009). Analysis of FPT in animal movement paths are useful for revealing relationships
between animal movements and time allocation at various scales, typically, in areas where fronts,
eddies, or bathymetric gradients create zones of increased productivity (Sims & Quayle, 1998;
Hamer et al., 2000).
Animal-borne tagging is the most used tool to examine the spatial movement patterns in
marine predators through the analysis of time-series location data captured during animal
movement (Papastamatiou et al., 2012; Bailleul et al., 2010; Freitas et al., 2018). Examinations
of ARS behaviors of GPS tagged seabirds of various species in relation to environmental features
illustrate marine predators respond to the hierarchical structure within their environments by
concentrating search effort and feeding behaviors at fine-scales of (hundreds of m to km) in areas
where prey aggregate (Hamer et al., 2009) and at large-scales (hundreds to thousands of km) in
movements to and from their colonies to different regions of prey patches (Hamer et al., 2009;
Pinaud & Weimerskirch, 2005; Weimerskirch & Pinaud, 2007). Empirical evidence for ARS
behaviors in fully aquatic marine predators is rare due to the difficulty of directly observing
animals underwater and quantifying their movements and habitat associations (e.g., Bailey et al.,
2019). However, in species for which tagging is logistically challenging, methods of quantifying
movements to build trajectories of group movement have provided valuable insights into their
habitat selection (Bailey & Thompson, 2010; Viddi et al., 2011).
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For most marine mammals, examinations of animal movement patterns come from
tagging studies and identifying these ARS behaviors is made challenging or infeasible by the
inability to. ARS behaviors documented in tagged whales (Lydersen et al., 2020) and pinnipeds
(Bailleul et al., 2010) are generally reported to occur at broad scales in deep-water habitats where
prey occur in patches that vary in space and time depending on characteristics of their marine
habitats. The identification of ARS behavior is rare in small cetaceans, but the few studies that
have been conducted have helped reveal interesting patterns of habitat selection. For example,
Bailey et al. (2019) used passive acoustic monitoring to identify dolphin feeding sounds and
identified ARS behaviors by comparing the relationship between dolphin feeding effort and time
spent near recorders. Land-based theodolite tracking of dolphins at the surface was used to
visualize dolphin movement patterns in multiple species, illustrating ARS zones associations
with specific habitat types and activity (Bailey & Thompson, 2006; Viddi et al., 2010). For
example, Bailey & Thompson (2006) used a theodolite from land at high elevations in Moray
Firth, Scotland to build trajectories of bottlenose dolphin movement. Dolphins displayed search
behaviors at scales of 200 m, primarily in locations where they were observed carrying a fish at
the surface. Peale’s dolphins (Sagmatias australis) and Chilean dolphins (Cephalorhynchus
eutropia) displayed ARS behaviors associated with distance to kelp forests (Viddi et al., 2010).
Similar studies examining the influence of habitat and environmental characteristics on dolphin
behavior, spatial distribution, and movement patterns were developed from cue-counting of
animals at the surface using a theodolite to plot tracks of movement (e.g., Hastie et al., 2003;
Hastie et al., 2010). However, these methods are infeasible in low elevation coastal regions as
shore-based observations conducted at sea level are ill-suited to provide accurate movement data
on dolphin activity needed to continuously track groups. Advancing studies of the fine-scale
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behavioral patterns and habitat use of coastal dolphins requires adapting novel technology and
methods to the quantitative analysis of dolphin movement.
Unmanned aerial systems (UAS) or drones rapidly evolved into powerful tools for remote
sensing and observational studies of wildlife (Schofield et al., 2019). For marine mammals, these
systems have enabled novel methodological approaches to augment traditional methos, including
to assess abundance and distribution (Hodgson et al., 2013; Kelaher et al., 2019b), to examine
health status through blow sampling (Apprill et al., 2017; Pirotta et al., 2017), to photo-identify
individuals and assessment site-fidelity (Gray et al. 2019, Landeo-Yauri et al., 2020), and to
track the fine-scale behavior of individuals and groups (Torres et al., 2019; Ramos et al., 2020;
Hartmann et al., 2020; Torres et al., 2020). Equipped with high-resolution imaging systems and
capable of precision flight, these systems are powerful for tracking the fine-scale movement of
megafauna compared to surface observations (Raoult et al., 2020). Continuous observations of
diverse marine mammal taxa at the water’s surface and subsurface support the use of small
drones for acquiring high-resolution behavioral time series information on individuals and
groups (Torres et al., 2019; Landeo-Yauri et al., 2020; Ramos et al., 2018; Ramos et al., 2020).
For example, Raoult et al. (2018) demonstrated trajectory analysis of different shark species
acquired with a small multirotor drone revealed variable trajectory patterns and speeds across
species and individuals, validating their use for assessments of fine-scale movement patterns of
megafauna. Paired with animal borne tagging methods, aerial tracking of blue whale behavior
provided insights into the kinematics of surface foraging and associated with spatial dimensions
prey patches (Torres et al., 2020). Their application to the study of the movement ecology and
habitat selection of small cetaceans in shallow waters would benefit from hypothesis-based
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experimentation in the wild, where they would provide unprecedented insights into subsurface
activity and associations with habitat types.
At Turneffe Atoll, an offshore atoll and marine protected area (MPA), a small population
of bottlenose dolphins comprised of resident and transient animals inhabit several shallow water
lagoons and reef flats (Campbell et al., 2002; Dick and Hines, 2011; Ramos et al., 2016; Ramos
et al., 2018). The atoll hosts important ecosystems and an abundance of marine biodiversity
throughout its fringing coral reef system, extensive mangrove cayes, and the seagrass beds that
dominate the lagoon substrate. Dolphins in the area display high levels of residency to the atoll
where they employ various foraging strategies dependent on specific habitat features (Campbell
et al., 2002; Dick & Hines, 2011; Eierman et al., 2014). For example, Eierman et al. (2014)
found that dolphins at Turneffe prefer to feed at seagrass boundary habitats, where the sharp
edge of a seagrass bed meets open sand. Their visual fish censuses confirmed high densities of
fish at seagrass/sand boundaries (Eierman & Connor, 2014). Additionally, a subset of dolphins at
Turneffe Atoll were recently documented exhibiting a specific foraging strategy involving
bottom feeding in seagrass patch habitats and concurrent production of low frequency pulsed
calls named “thrums” (Ramos et al., 2014). This evidence suggests dolphins at Turneffe
preferentially feed in specific seagrass habitats in unprotected areas where they appear to select
fine-scale bottom features for feeding. However, spatial information defining these habitats or
examining their relative importance for crucial behaviors of dolphins is lacking. Thus,
identifying areas of preferred use for dolphins at Turneffe and providing spatially explicit
characterizations of their habitat use is a conservation priority for their management and for
elucidating important ecological relationships within this population.
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Here, we investigated if the movement patterns, behavior, and habitat selection of coastal
bottlenose dolphins are influenced by habitat type in the shallow tropical lagoon at Turneffe
Atoll, in Belize. Small aerial drones were flown over dolphin groups to quantify dolphin activity
budgets and track their movements using drone GPS sensor data. These data were used to
generate spatially orthorectified trajectories of dolphin group movement. We tested the
hypothesis that dolphins display scale-dependent habitat selection preferences, exhibiting
different activity patterns across habitat types, preferentially feeding and concentrating their
search effort at a fine-scale in areas with a high proportion of seagrass/sand boundary habitat by
displaying ARS behaviors. We predicted dolphins would display movement patterns and time
allocation illustrating preferential feeding for these regions, and dolphins would exhibit longerdistance straight-line movements over homogenous habitat within the lagoon. Dolphin
trajectories were analyzed using FPT analysis to determine if dolphins display ARS and transit
behavior, identify the scale of these ARS zones, and relate the occurrence of these zones to fine
and large-scale habitat features.
Methods
Study area and population
This study was conducted in the shallow water marine ecosystems (mean depth = 3.6 m;
range = 0.5–20 m) at Turneffe Atoll Marine Reserve in the offshore of Belize (Figure 3.1a).
Turneffe is an offshore marine atoll 36 km east of the mainland coast where year-round a small
population of resident and non-resident dolphins inhabit shallow seagrass lagoons enclosed by
mangrove cayes and a fringing coral reef system (Campbell et al., 2002; Ramos et al., 2018). The
clear shallow waters of our study area are predominantly seagrass habitats allowing for visibility
to the seafloor up to 4 m and the ability to observe animals continuously for the duration of most
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flights. The study region within the atoll had an area of approximately 50 km2 and was selected
based on the high-volume of historical data on dolphins in the area and studies suggesting its
importance as a foraging area for resident dolphins and as part of a major thoroughfare for boats
traveling through Turneffe Atoll Marine Reserve (Figure 3.1a). Locations within the atoll were
classified as: Outer Lagoon: areas between the inner mangroves cayes of the atoll and the cayes
fringing the atoll or Central Lagoon: areas within the inner lagoon. These regions are separated
by a large series of mangrove cayes, resulting in distinct regions that require dolphins to transit
through connecting channels to travel between them.
Data collection
Boat trips
Boat surveys to locate dolphins were conducted using several small vessels (6–15 mlong) equipped with one to two outboard engines (85–250 HP) for 3 to 6 hr per day between
0500–1830. When dolphins were sighted, the vessel approached the group’s position moving
slowly to within 30 m to collect images of both sides of each dolphin’s dorsal fin using a digital
SLR camera with a telephoto lens (75–400 m) for photo-identification (photo-ID). A dolphin
group was defined as all dolphins within 100 m of each other (Shane, 1990). Group size was
measured initially from the boat and verified by counting dolphins in aerial video. Dolphins were
classified as adults, juvenile/sub-adults or calves by relative size and based on previous
identifications. Dolphin sex was determined by views of the genital region or repeated
observations of an adult with a calf (Mann et al., 2000). Dorsal fin photos of individual dolphins
were matched to a sighting database and photo-ID catalog of bottlenose dolphins in the region to
identify animals using standard techniques of examining notches and scars to distinguish
individuals (Defran, 1990).
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Figure 3.1. Maps of Turneffe Atoll in the offshore of Belize in the Western Caribbean Sea with drone
GPS tracks and dolphin trajectories plotted. (a) The atoll is designated a protected area, Turneffe Atoll
Marine Reserve, with zonation of different regulations represented by different colored polygons. (b) the
GPS tracks of flights with small multirotor drones flown over dolphin groups throughout the lagoons of
the atoll. (c) Most drone paths were concentrated in a heterogeneous habitat in the eastern lagoon. (d)
Constructed dolphin trajectories around a large macroalgal patch.
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Drone-based group follows
Small drone flights to track and observe the behavior of bottlenose dolphins were
conducted from 2015 to 2017 with small multirotor DJI quadcopters (Figure 3.1b-d). Two small
(1240–1400 g) commercial multi-rotor (quadcopter) UAS propelled by four rotors and plastic
blades were used: DJI Phantom 3 Professional (P3) and Phantom 4 (P4). Each model was
equipped with a 4K high-definition camera mounted on a gimbal with 3-axis stabilization. The
aircraft was flown over individual dolphins and dolphin groups to conduct focal group follows. If
conditions allowed, the drone was manually launched from the boat. A ground station operator
(usually the captain) held the aircraft overhead and the pilot launched it to an altitude of 20 to 50
m and navigated over animal groups. The pilot (ER) remotely-controlled the aircraft within lineof-sight at distances of <2 km in non-rainy conditions and in wind speeds of 0 to 35 kts for 5 to
22 min per flight.
Follows were conducted for up to 26 min per flight (based on battery power limitations)
for 1 to 6 flights per group. on each aircraft and the camera was angled downward at 45–90º
towards focal animals. Relevant flight metrics (e.g., battery levels, distance to craft) and animal
activity were monitored live through the streaming video in the DJI GO application on a
mounted tablet (Samsung Galaxy 8, iPad 9). Efforts were made to fly the drone at a fixed
position relative to the dolphin group. To account for the sun's glare on the surface of the water
that restricts visibility of the dolphins, we flew over the group from 06:00–09:30 and 15:30–
18:00 with the camera pointed downward, and we flew to the side of the group with the camera
angled at steeper angles in the from 09:30–15:30. Dolphin behavior was sampled until the
animals went out-of-sight or the flight was ended because of low battery power, system errors, or
poor weather conditions.
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Data analysis
Video behavioral analysis
Aerial video observations of dolphins were collected during drone-based focal group
follows from 2015 to 2017. Videos were first reviewed using QuickTime Media Player v.10.7
(Apple Inc.) to identify flights with incomplete follows (i.e., dolphins went out-of-sight or could
not be followed easily). A subset of videos with stable flight patterns, and in which dolphins
could be reliably followed, were analyzed according to an ethogram of mutually exclusive
dolphin activity states (Table 3.1) in BORIS Behavioral Coding Software (Friard & Gamba,
2016). Dolphin behavior during each follow was coded using instantaneous point sampling of all
animals in the group to identify the predominant activity state of groups (Altmann, 1974; Mann,
1999). If more than 50% of the group changed their behavior state in a ten second interval (used
to create trajectories), then the following interval was considered a different behavior state.
Behavior state assignments continued with the same state unless a change in behavior state was
noted. Foraging behavior was further classified by tactic when possible (Table 3.1). The duration
of all activity states was calculated in seconds to determine the group activity budgets and time
dolphin groups spent in each behavior state (Figure 3.2g). Activity budgets were exported from
BORIS in csv format and aligned with the timing of individual trajectories. Additional
information on dolphin presence, general activity, geographic location, time directly observed,
time of take-off and return, group size, and number of calves were identified during review of
videos.
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Table 3.1.
Ethogram of behavior states used to code the activity patterns of bottlenose dolphins in aerial dronebased follows.
Behavior

Description

Foraging

Dolphins engage in one of several different foraging tactics and behaviors while hunting
and consuming prey. Bottom grubbing: Dolphins repeatedly dive in one location with
peduncle and/or flukes out of the water, while moving in different directions.
Individuals may be vertically orientated with rostrum above or in the substrate. Often
involves pinwheeling, where one dolphin turns on its axis with its rostrum in the
substrate during prey detection. Chase and pursuit: Possible darting or chasing and
surface behaviors including porpoises, leaps, and tail slaps.

Resting

Dolphins move slowly or drift in one direction with little forward movement and long
surface and dive intervals. Dolphins may float at the surface with their heads arched to
one side.

Socializing

Two or more dolphins physically interact with each other. Includes frequent physical
contact, orienting towards each other, ventral presentations, possible splashing, surface
displays, aerial behaviors, leaps, breaches, and tail slaps.

Traveling

Swim and surface in one general direction with regular dive intervals.

Vessel
interaction

Dolphin swims with and interacts with the research vessel or another vessel. Includes
bow riding, wake riding, and direct boat approaches.
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Figure 3.2. Composite illustrating the creation of trajectories of dolphin movement using aerial
drone video of dolphin activity, drone GPS sensor data, and high-resolution mapping. The GPS
location of the centroid of dolphin group location was identified every 10 s. The GPS tracks from
small aerial drone flights were viewed alongside aerial video of dolphin behavior to construct
trajectories of dolphin movement. Numbers 1-3 in the images on the right represent the aerial
views of dolphins within the white squares. The graph at the bottom plots the activity budgets of
the group of five dolphins throughout the aerial video.
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Development of movement trajectories
Spatial data gathered by the drone during each flight were used to investigate dolphin
habitat selection at a fine scale and a large scale using two different datasets. To test if dolphins
exhibit preferences for activities based on location and habitat type, activity budgets paired with
spatial location from drone GPS tracks to identify relationships with habitat features (100 m x
100 m grid cell) at a large scale (Figure 3.1d). For this analysis, we used data from all flights to
compare the proportions of time spent in different activity states relative to proportions of habitat
features in each grid cell.
To test if fine-scale dolphin movement patterns (50 m x 50 m grid cell) reflect habitat
selection preferences for specific habitat types, we used aerial videos of dolphins and the GPS
track of the drone to construct spatially rectified trajectories of group movement and relate these
spatial tracks to activity and habitat data (Figure 3.2a-g). However, two factors spatially biased
our path measures at fine scales. Firstly, the GPS tracks of each flight were originally sampled at
10 Hz (every 100 ms) resulting in high spatial autocorrelation in our fine-scale tracks, for
example, highest where dolphins remained relatively stationary (Figure 3.1c). Secondly, while
we attempted to maintain the drone over the center of the group and film with the camera pointed
directly downward, to avoid deterioration of video quality with high sun glare from 10:00 to
14:30 h, the drone was often flown up to 50 m to one side of the group and the camera was often
tilted at an angle. This resulted in spatial tracks that were offset by up to tens of meters from the
actual location of the dolphins, with minimal effects in spatial analyses at larger scales but
introducing numerous biases and confounds when sampling at fine scales.
Thus, to construct trajectories of dolphin groups where dolphin group location was
accurately determined relative to bottom habitat features, drone videos were reviewed in a large
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monitor alongside the tracks of each flight plotted in QGIS, overlaid onto high-resolution
satellite and drone-based imagery of the area (Figure 3.2a-c). The Create New Shapefile Layer
tool for point geometry data was used to draw a point at the centroid of the dolphin group by
selecting a location midway between each side of the group (Figure 3.1a). The position of focal
dolphins and dolphin groups was georeferenced every 10 s to create trajectories consisting of
time series of geographic coordinates and associated information for groups (Figure 3.1d). Series
of group locations were appended with behavioral data and flight information. For analyses of
group trajectories at a fine scale, we only used a dataset in which the dominant behavior of the
dolphins in the path were of one activity state to avoid the complications inherent in parsing
these short-duration tracks. Summary statistics of the duration (s), length (m), and speed (m/s)
were calculated for all paths to provide their basic descriptive parameters.
Measurement of the scale of dolphin foraging
To determine the actual scale of dolphin foraging movements, we measured the spatial
extent of dolphin foraging movements in aerial drone observations (Figure 3.3a-b). Using the
same method as the previous behavioral analyses (Figure 3.2a-c), we first identified the spatial
location of dolphin foraging in drone video. The video was then reviewed alongside plots of
drone paths and satellite imagery to use easily identifiable substrate features (i.e., in open areas
with seagrass beds and boundary habitats) or the location of shore (e.g., in channels or close to
mangrove cayes) to confirm dimensions of foraging habitats. A circular polygon was drawn
around the spatial boundary of dolphin group movement through the duration of foraging in each
trajectory (i.e., individual drone video) using the Vector creation tool in QGIS 3.10. The area
(m2), diameter (m), and radius (m) of each polygon was output to a .csv file. The radius of each
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polygon was averaged, and the mean and range of these values were used to define the scales of
search radius for FPT analysis.
First-Passage Time analysis
First-passage time (FPT) was calculated for dolphin movement paths to identify if
dolphins have preferred areas, to determine the scale of these search areas, and compare the size
of these areas to the spatial dimensions of foraging movements. Trajectories were imported to R
statistical computing software (R Core Team, 2015) and FPT was calculated using the fpt
function in the package abehabitatLT (Calenge, 2011). FPT calculates the time it takes for an
animal to cross a circle of given radius (r) (Fauchald & Tveraa, 2003). Repeating the calculation
every r while moving the circle a distance (d) down an animal's path with increasing radii,
providing a scale-dependent measure of animal search effort. The relative variance of the path
(i.e., variance of the logarithm of FPT) is calculated, where t(r) represents the FPT for a circle of
a given r. These values are log-transformed to make variance, FPT variance, independent of the
magnitude of mean FPT. FPT analysis requires the selection of the radius of animal search
patterns over distances in which they could be tracked. Radii should be defined by the
ecologically appropriate spatial scale of animal movement within feeding patches (Fauchald &
Tveraa, 2003). Thus, we used the measurements of dolphin foraging radius to identify scales
(i.e., radius in meters) of search effort for FPT tests.
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Figure 3.3. (a) Map of the circular extents of dolphin foraging movements throughout Harry
Jones Cut. (b) The spatial extent of dolphin foraging activities was measured by drawing a circle
around the area occupied by the group in QGIS, over the course of an observed foraging state.
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Detection of ARS behaviors
To determine if dolphins displayed scale-dependent habitat selection, FPT was calculated
for dolphin trajectories to identify ARS behaviors at a fine scale (r = 5 m). Maxima or sharp
peaks in plots of Var[log(FPT)] (i.e., FPT variance) as a function of the scale of r in meters
indicate the occurrence of ARS behavior and the scale at which the animal concentrates its
search effort (i.e., maxima = peaks at the scale of search effort). If dolphins display scaledependent habitat selection within a hierarchically structured system, fine-scale ARS behaviors
will be nested within large scale ARS peaks, resulting in multiple peaks in FPT variance
associated with the nested spatial scales at which animals interact with their environment. Paths
with no ARS behaviors result in downward sloping line functions with no sharp peaks and low
FPT variance. ARS behaviors were classified as high FPT ARS behaviors with shark peaks in
FPT variance with high FPT variance values or possible ARS behaviors with dull to sharp peaks
present in FPT variance plots with low FPT variance values.
To evaluate how detectability of these behaviors vary depending on the size of r and to
identify if dolphins adopt nested ARS patterns, FPT was calculated at four scales (r = 5 m, 10 m,
20 m, 50 m). These sizes were determined by direct measurement of the radius of dolphin
foraging movement in drone videos and previous observations suggesting small feeding radii
during bottom foraging (Figure 3.3). FPT was calculated for each trajectory at each radius size
from 0 to 300 m (e.g., r = 5 m calculated every 5 m up to 300 m). A data frame was output
calculating FPT, mean FPT, and FPT variance at each point for the selected radius sizes for the
four scales, and spatial statistics on trajectories. The data frame was combined with movement
trajectories and was queried to generate descriptive statistics and for statistical comparisons to
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other variables. Plots of FPT variance as a function of spatial scale of effort were generated for
all paths to identify the presence of ARS behaviors in ggplot2 (Wickham et al., 2011) in R.
Habitat classifications
High-resolution satellite imagery of Turneffe Atoll was acquired from www.planet.com
were used to classify habitat types and habitat composition (the relative proportions of each
habitat type) throughout the study site and at dolphin locations. We used the substrate type to
identify the habitat class because of its strong relationship with marine life in shallow
ecosystems. The cloudless WorldView-2 satellite imagery (Maxar Technologies) included
panchromatic (0.3 m spatial resolution) black and white imagery and RGB multispectral imagery
(1.24 m spatial resolution). Imagery of the study area from 2019 was selected for habitat
classifications because of its improved clarity of the seabed compared to imagery from 2016,
2017, and 2018. Raster satellite imagery was loaded in ArcGIS Pro (ESRI Inc.) for image
classification and segmentation. Habitats were classified into six main categories based on
substrate or bottom type: 1) seagrass beds, 2) microalgal mats, 3) sand, 4) rock, 5) rubble, and 6)
coral habitat (Roelfsema et al. 2013; Kennedy et al. 2020). We included two additional classes
following Eierman and Connor (2014): 7) mixed vegetation (medium destiny with equal
percentages of seagrass cover and algae) and 8) boundary (areas of sharp convergence of dense
seagrass beds and open sand areas). The Image Classification wizard parsed the image using
supervised classification and we defined the different identified habitat classes as training data to
improve the classification. The new raster file was converted to a polygon shapefile for spatial
analysis with trajectories.
Habitat selection analysis
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The study area was overlaid with a grid with cell sizes of 100 x 100 m to compare
dolphin activity and movements to habitat composition. Habitat compositions was categorized
based on their relative proportions (0–1) of different bottom types within each grid cell (i.e.,
rectangular areas of 10000 m2 approximate the area of 7854 m2 of dolphin movement within a
circular plot with a radius of 50 m).
To identify if dolphins displayed habitat selection preferences based on location and
environmental variables at large scales, we compared the total time dolphins spent in each of the
four activity states (i.e., activity budgets) relative to the proportion of each habitat type in each
grid cell in which they occur. For this analysis, we selected a subset of 20 paths (n = 80 total
follows) in which the predominant behavior was one of the four activity states to account for the
nonnormal distribution of their activity budgets. Unequal proportions of time spent in different
areas and/or in areas of differing habitat compositions would counter the null hypothesis that
dolphins spend equal amounts of time engaged in all activities despite location and habitat
compositions. The availability and usage of each habitat type were calculated to compare habitat
preferences following the methods of Johnson (1980) and Arthur et al. (1996). Circular polygons
were generated with a radius of 100 m at the beginning, midway, and ending points of each
path/follow to identify the habitat usage by dolphins. Habitat availability was calculated as the
proportion of different habitat types within each polygon.
To determine if high search effort was more likely to occur in areas with high proportions
boundary habitats in group trajectories, the proportion of habitat type within all ARS zones (n =
20) and within high FPT ARS zones (n = 12) was compared to a random sample of 100-m
circular plots along paths with no ARS behaviors (n = 20). The habitat composition of these
areas was compared to habitat composition in the rest of the study site under the null hypothesis
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that ARS zones are equally likely to occur in all habitats. The spatial location of ARS zones
identified from FPT analysis were used to determine fine-scale habitat composition.
To determine the precision of FPT analyses to identify the actual spatial scale of dolphin
search effort during feeding, we ran a nonparametric Kruskal-Wallis to determine if the scale of
ARS behaviors at fine-scales (r = 5 m) was significantly different from the radius of dolphin
movements during foraging behavior as measured from aerial drone imagery. All summary
statistics are presented as mean ± standard deviation (SD) and range.
Results
Boat surveys and drone flights
Flights in 2015 were primarily done in November, in 2016 all flights were done in July
and August, and in 2017 all flights were done in January. Data on flights can be found in the
results section of Chapter 2.
Group follows
A total of 102 group follows were conducted to determine group activity budgets for
dolphin groups. Focal group follows were a mean of 16.6  2.1 min in duration and ranged from
11.5 to 24.2 min. Follows resulted in 28.3 hr (1697.1 min) of direct dolphin observations. Group
sizes during follows were a mean of 5.1  4.2 dolphins per group and ranged from 1 to 16
animals.
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Figure 3.4. Composite of graphics illustrating proportion of time dolphins spent in different activities
relative to habitat type and location across drone-based group follows. (a) Stacked bar chart showing the
proportion of time dolphins spend in each activity state relative to group size. Dolphins spent the most
time traveling across a range of group sizes. Foraging was only observed in groups of up to 5 animals. (c)
Boxplots of the total duration dolphin groups spent in each activity state according to habitat class. (d)
Bar chart illustrating the proportion of time dolphins spent in different areas of the atoll relative to activity
state. (e) The proportion of time dolphin groups spent in each behavior state according to their location in
the outer or central lagoon of Turneffe Atoll, Belize.
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Figure 3.5. Bar charts displaying the number of ARS behaviors detected by behavior. The relative peaks
in FPT variance appeared in trajectories within paths with low mean and maximum variance. Nested ARS
patterns were identified with numerous maxima in the plots of FPT variance as a function of search radius
with FPT of paths tested at a fine scale (r = 5 m) that were masked when paths were tested at a large scale
(r = 50 m).
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Figure 3.6. Comparisons of the variance of log FPT, Var[log(FPT)], for dolphin trajectories with ARS
behaviors to trajectories with no ARS behaviors. (a) FPT analysis of dolphin paths at a fine scale (r = 5
m) revealed numerous peaks in FPT variance, indicating dolphins adopted ARS behaviors at multiple
scales. (b) Plots of FPT variance in trajectories with no ARS behaviors were low in FPT variance relative
to ARS paths, and no sharp peaks were detected. (c) Plots of trajectories where ARS behaviors were
detected with the scale of circular ARS zones plotted in each path. (d) Plots of trajectories where no ARS
were largely directional and dolphins moved continuously through these areas.
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Figure 3.7. Examples of dolphin group trajectories in different behavioral activity states plotted over
satellite imagery and their corresponding plots of FPT variance as a function of search radius in m. ARS
behaviors associated with high FPT variance values were present in paths of foraging while no peaks
were detected in other behaviors, only relative peaks in FPT variance of low values were detected in other
activities.
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Figure 3.8. Composite of maps of dolphin trajectories and plots of FPT variance analyzed with a r of 5 m
and 50 m illustrating relative peaks in FPT variance with no true ARS behavior and path with ARS
behaviors nested at a fine scale. (a) Examples of nested fine-scale ARS behaviors adopted by dolphin
groups in two different paths. Peaks in FPT variance indicate dolphins in these paths select habitat at two
different search fine-spatial scales (r = 5 m), adopting nested fine-scale search patterns. A single peak in
FPT variance at the largest scale (r = 50 m) highlights the inability to detect fine-scale ARS behaviors
when testing FPT with a large search radius. (b) Map of two dolphin trajectories alongside plots of FPT
variance as a function of search radius illustrating relative peaks in FPT variance behaviors of much lower
values than in paths with dolphins concentrated their search in a small area. In these paths, changes in
direction and recursive movements along their prior movements resulted in peaks FPT variance
suggestive of ARS patterns in dolphin travel movements, absent foraging behavior.
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Figure 3.9. Map of foraging areas measured in Harry Jones Cut and a scatter plot of radius size (m) as a
function of dolphin group size. The scatterplot illustrates the radius of foraging movements increased with
group size. The violin plot illustrates the distribution of radius size was larger and more variable for ARS
scale. The radius of dolphin foraging movements had a smaller distribution than ARS scale, owing in part
to the fine-scale nature of the measurement.
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Table 3.2.
List of dolphin movement trajectories (n = 28) with their associated spatial characteristics and sighting
data.

Traj. ID
BZTA027
BZTA028
BZTA029
BZTA031
BZTA032
BZTA033
BZTA034
BZTA035
BZTA036
BZTA062
BZTA037
BZTA038
BZTA040
BZTA041
BZTA042
BZTA043
BZTA044
BZTA026
BZTA045
BZTA046
BZTA047
BZTA048
BZTA050
BZTA051
BZTA052
BZTA053
BZTA054
BZTA055

Date
2016-Jul-03
2016-Jul-03
2016-Jul-03
2016-Jul-15
2016-Jul-15
2016-Jul-15
2016-Jul-15
2016-Jul-15
2016-Jul-15
2016-Jul-17
2016-Jul-17
2016-Jul-17
2016-Jul-19
2016-Jul-19
2016-Jul-21
2016-Jul-21
2016-Jul-21
2016-Jun-22
2016-Jul-22
2016-Jul-22
2016-Jul-23
2016-Jul-23
2016-Aug-01
2016-Aug-01
2016-Aug-01
2016-Aug-01
2016-Aug-01
2016-Aug-01

Time
begin
10:22
10:40
10:58
06:59
07:13
07:30
07:46
10:19
10:39
16:01
15:10
15:44
09:34
09:48
08:56
09:12
09:28
09:16
16:44
17:04
09:32
09:14
10:13
10:28
10:44
16:30
16:55
17:03

Dur.
(ms)
720
880
820
500
660
600
720
720
620
710
620
720
620
710
880
800
850
620
810
1070
760
990
690
740
700
940
880
810

Group
size
10
10
10
6
6
6
5
6
6
2
2
2
3
5
2
4
4
4
4
4
3
3
4
4
4
15
15
15
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Behavior
Travel
Travel
Travel
Rest
Travel
Travel
Travel
Rest
Travel
Forage
Rest
Forage
Forage
Forage
Travel
Travel
Rest
Rest
Travel
Forage
Social
Travel
Travel
Travel
Travel
Social
Social
Social

No.
steps
72
88
82
50
66
60
72
72
62
71
62
72
62
71
88
80
85
62
81
107
76
99
69
74
70
94
88
81

Total
distance
traveled
(m)
453.77
570.36
497.50
738.99
1228.96
944.36
967.25
730.28
732.02
767.94
544.43
889.87
622.41
523.19
767.94
517.82
346.52
551.70
826.69
794.58
676.95
587.87
844.08
609.68
735.88
300.51
590.02
722.31

Mean
length
per step
(m)
6
7
6
15
19
16
14
10
12
12
9
13
10
7
9
7
4
9
10
7
9
6
12
8
11
3
7
9

Mean
speed
(m/s)
0.6
0.6
0.6
1.5
1.9
1.6
1.3
1.0
1.2
1.1
0.9
1.2
1.0
0.7
0.9
0.6
0.4
0.9
1.0
0.7
0.9
0.6
1.2
0.8
1.1
0.3
0.7
0.9
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Table 3.3.
Results of FPT analysis of dolphin group trajectories analyzed with four different radius sizes (5 m, 10 m,
20 m, 50m). P1 = Peak 1; P2 = Peak 2. The superscript N indicates detection of fine-scale nest ARS
patterns.

Var[log(FPT)]

r=5m

r = 10 m

ARS scale

r = 20 m

r = 50 m

r=5m

r = 10 m

r = 20 m

r = 50 m

Mean

Max

Mean

Max

Mean

Max

Mean

Max

P1

P2

P1

P2

P1

P2

P1

P2

No.
relative
peaks

No.
sharp
peaks

Total
no.
peaks

Rest

0.14

0.03

0.03

0.12

0.03

0.12

0.02

0.05

-

-

-

-

-

-

140

-

1

-

1

Travel

0.04

0.01

0.01

0.04

0.00

0.02

0.00

0.01

-

-

-

-

-

-

140

-

1

-

1

BZTA028

Travel

0.07

0.02

0.02

0.06

0.02

0.05

0.01

0.03

-

-

-

-

-

-

-

-

-

-

-

BZTA029

Travel

0.11

0.01

0.01

0.08

0.01

0.04

0.00

0.01

-

-

-

-

-

-

-

-

-

-

-

BZTA031

Rest

0.45

0.10

0.09

0.45

0.10

0.45

0.07

0.27

20

-

20

-

-

-

-

-

-

1

1

BZTA032

Travel

0.28

0.10

0.09

0.28

0.09

0.27

0.08

0.22

18

-

18

-

-

-

-

-

1

-

1

BZTA033

Travel

0.33

0.05

0.05

0.33

0.05

0.26

0.03

0.05

-

-

-

-

-

-

-

-

-

-

-

BZTA034

Travel

0.09

0.04

0.04

0.07

0.04

0.07

0.03

0.05

-

-

-

-

-

-

-

-

-

-

-

BZTA035

Rest

0.45

0.08

0.08

0.45

0.07

0.37

0.04

0.11

35

-

35

-

-

-

-

-

-

1

1

BZTA036

Travel

0.09

0.03

0.02

0.08

0.02

0.07

0.02

0.06

-

-

-

-

-

-

-

-

-

-

-

BZTA037

Rest

0.16

0.09

0.09

0.16

0.11

0.16

0.18

0.32

20

60

20

60

-

60

-

-

-

2

2N

BZTA038

Forage

0.32

0.16

0.16

0.32

0.17

0.32

0.08

0.08

30

100

30

100

-

100

-

100

-

2

2N

BZTA040

Forage

0.32

0.19

0.18

0.32

0.20

0.20

0.34

0.43

10

27

-

27

-

-

-

-

-

2

2N

BZTA041

Forage

0.59

0.30

0.30

0.59

0.36

0.52

0.02

0.04

10

-

-

100

-

-

-

-

-

1

1

BZTA042

Travel

0.05

0.02

0.02

0.04

0.02

0.04

0.00

0.02

-

-

-

-

-

-

-

-

BZTA043

Travel

0.04

0.01

0.01

0.03

0.01

0.02

0.01

0.01

-

-

-

-

-

-

-

-

-

-

-

BZTA044

Rest

0.04

0.01

0.01

0.03

0.01

0.03

0.04

0.10

20

-

20

-

-

-

-

-

1

-

1

BZTA045

Travel

0.10

0.05

0.04

0.10

0.04

0.10

0.01

0.01

-

-

-

-

-

-

-

-

-

-

-

BZTA046

Forage

1.91

0.32

0.39

1.91

0.39

1.91

0.03

0.06

20

70

-

70

-

-

-

-

-

2

2N

BZTA047

Social

0.07

0.01

0.01

0.05

0.01

0.02

0.01

0.01

-

-

-

-

175

-

150

-

1

-

1

BZTA048

Travel

0.10

0.05

0.05

0.09

0.05

0.08

0.03

0.07

-

-

-

-

-

-

-

-

-

-

-

BZTA050

Travel

0.08

0.03

0.03

0.07

0.03

0.07

0.02

0.05

115

-

115

-

115

-

115

-

1

-

1

BZTA051

Travel

0.05

0.03

0.02

0.05

0.02

0.05

0.02

0.09

100

-

100

-

100

-

100

-

1

-

1

BZTA052

Travel

0.10

0.02

0.02

0.09

0.02

0.09

0.01

0.02

55

-

55

-

55

-

55

-

1

-

1

BZTA053

Social

0.09

0.02

0.02

0.07

0.02

0.04

0.01

0.02

-

-

-

-

-

-

-

-

-

-

-

BZTA054

Social

0.04

0.01

0.01

0.03

0.01

0.03

0.01

0.02

-

-

-

-

-

-

-

-

-

-

-

BZTA055

Social

0.10

0.02

0.01

0.09

0.01

0.04

0.08

0.15

-

-

-

-

-

-

-

-

-

-

-

BZTA062

Forage

0.84

0.22

0.21

0.84

0.25

0.84

0.07

0.07

20

-

20

-

20

-

-

60

-

1

1

Traj. ID

Behavior

BZTA026
BZTA027

125

-
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Table 3.4.
Values for variance of log FPT, Var[log(FPT)], of dolphin trajectories by behavior state calculated with
a radius of 5 m and for all trajectories by each radius scale.

r=5m
Var[log(FPT)]
Behavior
Foraging

Fine-scale ARS (m)

n
5

Mean ± SD
0.126 ± 0.244

Range
2.17 * 10-4–1.914

n scales
8

n traj.
5

Mean ± SD
50.8 ± 36.0

Median
23.5

Range
10–115

Resting

5

0.045 ± 0.103

2.16 * 10-5–0.842

2

3

42.5 ± 35.1

20

18–115

Socializing

4

0.015 ± 0.017

9.14 * 10-7–0.102

0

0

-

-

-

Traveling

14

0.059 ± 0.093

3.14 * 10-7–0.587

5

0

83.7 ± 37.9

77.5

55–150

r
5

n
28

Mean ± SD
0.059 ± 0.125

Range
3.14 * 10-7–1.914

n
17

Mean ± SD
42.94 ± 34.26

10

28

0.059 ± 0.134

3.13 * 10-7–1.914

15

20

28

0.058 ± 0.149

8.24 * 10-6–1.914

7

50

28

0.038 ± 0.067

3.14 * 10-7–0.434

8

Var[log(FPT)]

ARS scale (m)

126

Median
27

Range
10–115

52.7 ± 35.8

35

18–115

89.3 ± 50.1

100

20–175

108 ± 36.1

108

55–150
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Activity budgets
Across all follows, dolphins spent most of their time traveling (42.4%; 620.5 min),
followed by resting (20.0%; 292.6 min), socializing (18.6%; 271.7 min), and foraging (12.7%;
185.7 min). Dolphin interactions with the research vessel identified in 6.4% of observations (94
min) were excluded from activity budget analysis. Single animals primarily foraged, rested, and
traveled (Figure 3.4). Dolphin groups of less than 5 animals spent most of their time traveling,
followed by resting, foraging, and socializing. Groups of 1 to 8 animals engaged in variable
proportions of time in different activity states. Larger groups of 9 to 16 dolphins were only
observed to travel and socialize (Figure 3.4a). Resting and foraging behavior was not detected in
groups greater than 9 dolphins.
Trajectory movements and behavior
Dolphin group trajectories (n = 28) had a mean of 76  13 locations and ranged from 50
to 107 locations (Table 3.2). The mean duration of trajectories was 756 ± 128 s (range = 500–
1070 s). Total distance traveled per trajectory ranged from 301 to 1229 s and a mean of 682 ±
197 m. Mean step length was 10 ± 4 m per step and ranged from 3 to 19 m in length. Dolphin
groups moved at a mean speed of 0.9 ± 0.4 m/s per trajectory and ranged from 0.3 to 1.9 m/s
(Table 3.2).
Trajectories where dolphins primarily engaged in foraging were sinuous with many
changes in direction over short distances of individuals (but few directional changes in the
group) and most movements concentrated in a small area of the lagoon compared to paths in
other states (Figure 3.5). Trajectories of travel were typically directional with few directional
changes and constant velocity over the greatest relative distances. During rest, trajectories
generally consisted of slow movements and several directional changes, often returning the
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direction from which they came (Figure 3.6). Socializing trajectories were typically directional
with several directional changes and slow net movement of the group. Traveling, resting, and
socializing behavior were most frequently associated with few changes in direction and long
continuous periods of movement (Figure 3.5; Figure 3.6).
Area-restricted search behavior
FPT was calculated for a sample of 28 trajectories of dolphin group movement. Plots of
FPT variance, Var[log(FPT)], were examined to identify peaks indicative of ARS behavior for
individual trajectories analyzed using four radius sizes (5 m, 10 m, 20 m, 50 m). Of the 28
analyzed paths, 16 (57% of total) had peaks in plots of FPT variance as a function of search scale
(Table 3.2). Eight of these paths presented with sharp peaks in FPT variance (n = 12 peaks)
associated with high mean and maximum FPT variance (Table 3.3; Table 3.4). Nine of the
trajectories analyzed for FPT presented with relative peaks in FPT variance and low mean and
maximum FPT variances. Paths without ARS behaviors had substantially lower variances values
(Table 3.2) with no discernible peaks in variance (Figure 3.7).
At fine scales, we detected more peaks in the maxima of FPT variance than when tested
on the same paths with larger radius sizes, the least detected a with radius size of 50 m (Figure
3.7; Table 3.3; Table 3.4). High FPT ARS behaviors were only detected when FPT was
calculated with smaller radii (Figure 3.6a & 3.6b). In plots of FPT variance of paths with ARS
behaviors at a 5 m scale (Figure 3.7), there were commonly multiple peaks of variance in the
same path, one below 25 m and one above 50 m. The substantially higher values of FPT variance
in ARS behaviors contributed to an overall high mean FPT at fine scales when tested with
smaller radii (r = 5 m, 10 m, 20 m). As common in hierarchically structured systems
(Weimerskirch & Pinaud, 2007), at the largest scale (r = 50 m) most high FPT variance ARS
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behaviors detected at smaller scales were no longer evident, resulting in lower FPT variance
values. Mean FPT variance was similar when tested at fine scales (5 m, 10 m) and only slightly
larger and more variable at 20 m. At a radius of 50 m, FPT variance was lowest (Table 3.4).
At a radius of 5 m, the first peaks in FPT variance (n = 13) occurred between 10–115 m,
and the second peaks occurred from 27–100 m (Table 3.3). At a radius of 10 m, the first peaks in
FPT variance (n = 13) occurred with a spatial search scale of 18–115 m, and the second peaks (n
= 5) occurred from 27–100 m. At a radius of 20 m, the first peaks in FPT variance (n = 5)
occurred between 20–175 m, and the second peaks (n = 2) occurred from 60–100 m. At a radius
of 50 m, the first peaks in FPT variance (n = 6) occurred between 55–150 m, and the second
peaks (n = 2) occurred from 60–100 m.
Dolphin activity across ARS zones
In support of the occurrence of scale-dependent habitat selection in feeding dolphins, all
foraging trajectories presented with two distinct peaks revealing the adoption of ARS behaviors
as multiple scales including fine-scale nested ARS patterns (Figure 3.6; Figure 3.8). Most paths
of socializing, traveling, and resting resulted in relative peaks in FPT variance (Figure 3.7),
However, their low FPT mean and maximum values indicate they are unlikely areas of intensive
use, as compared to peaks in FPT variance of trajectories of dolphin foraging that were
associated with area restricted search behaviors at fine scales during dolphin bottom foraging
(Table 3.4; Figure 3.7). FPT analysis of these trajectories revealed frequent changes in direction,
recursive movements over the same paths, and sinuous movements also produce relative peaks in
FPT variance (Figure 3.8). At fine-scales, dolphins spent a mean of 7.5  5.2 min in high FPT
ARS zones (n = 12; range = 2.2–14.4 min; Figure 3.8). In contrast, in paths with no ARS
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behaviors, dolphins moved continuously through areas and did not spend time stationary in areas
for prolonged periods (Figure 3.5).
ARS zones were nested at different scales in three trajectories of foraging (Figure 3.6;
Figure 3.8). In each of these paths, concurrent drone-based observations confirmed dolphins
bottom foraged within dense seagrass beds while shifting their spatial use of the area (Figure
3.9).
Scale of ARS behaviors vs. radius of foraging movements
In bouts of dolphin foraging analyzed from aerial video observations (n = 17), dolphins
foraged in a range of group sizes, from one solitary individual to six dolphins. The duration of
these foraging bouts ranged from 10–1020 s. The mean foraging radius was 24.0  10.6 m, had a
median of 23.5 m, and ranged from 5.04–41.9 m. Radius size of foraging search effort was larger
as group size increased (Figure 3.9). The mean area of foraging movements was 2176  1633.0
m2 and ranged from 69–5318 m2.
The scale of high FPT ARS behaviors detected in foraging trajectories at a fine scale (r =
5 m; mean  SD = 35.9  32.1 m; range = 10–100 m; n = 8) were typically larger than the radius
of foraging movements measured in aerial video observations (mean  SD = 24.0  10.8 m;
range = 5–41.8 m; n = 17) but the same median values (median of ARS scale = 23.50 m; median
of foraging radius size = 23.53 m; Figure 3.9). A Kruskal-Wallis test conducted to compare the
radius size of ARS behaviors and the radius of foraging movements revealed no statistically
significant differences between measures (X2 = 0.085; p = 0.77; df = 1).
Habitat selection by activity
Of the 6 recognized habitat classes, most of the study area consisted of bottoms
comprised of seagrass (74.4%), followed by macroalgal mats (3.1%), sand (4.8%), rubble
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(0.3%), coral reef (1.7%), and rock (0.1%). Mixed habitats (9.3%) were common in throughout
the area at areas where habitats intersected while boundary habitats (6.2%) were relatively rare
and restricted to areas near bogues (i.e., large channel openings to the sea).
At the scale of all group follows, dolphins spent similar proportions of time traveling in
areas predominantly characterized by seagrass, mixed, and boundary habitats (Figure 3.4).
During social behavior, dolphins spent similar proportions of time in seagrasses and mixed
habitats, while in resting behavior proportionally higher in boundary and seagrass beds and at
similar proportions, and least in mixed habitats (Figure 3.4). Foraging behavior primarily
occurred in boundary habitats, at smaller proportions in mixed habitats, and at low levels in
seagrass habitats (Figure 3.4).
In the subset of dolphin movement trajectories (n = 28), dolphins similarly spent the most
time in foraging in areas with the highest proportions of boundary habitat and mixed habitats of
seagrass, macroalgae, and sand patches (Figure 3.6). In contrast, traveling and socializing paths
occurred throughout all habitat classes, while resting occurred primarily in areas dominated by
boundary habitats (Figure 3.8).
Habitat selection by movement and activity
Most high FPT ARS zones overlapped with each other in a small area (Figure 3.6; Figure
3.9). In these ARS zones, habitats were primarily comprised of seagrass beds, boundary, and
mixed habitats, and were centered in seagrass beds surrounded by boundary habitat (Figure 3.5).
Similarly, in most of the areas in which the radius of dolphin foraging movements was measured,
the habitat was seagrass beds (70.6%; n = 12) and 5 (29.4%) areas that included boundary,
mixed, and seagrass habitats. Aerial video confirmed the dolphins fed exclusively in seagrass
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beds in this area, moving between different areas around the sand boundary but returning to
seagrass to forage (Figure 3.2d-f).
Most dolphin ARS zones and foraging behaviors in our dataset occurred within an area of
0.5 km2 around a large macroalgal patch surrounded by seagrass beds bordering sand patches in
Harry Jones Cut in the Outer Lagoon, immediately east of a large opening to the Caribbean Sea
(Figure 3.1c & 3.1d; Figure 3.9). This area included most of the boundary habitats within the
study area, with the rest of the study site comprised of seagrass beds.
Discussion
Identifying habitat selection preferences in long-lived marine predators and their drivers
depends on an understanding of their habitat use coupled with high-fidelity information their
behavior and movement patterns in association with environmental variables at their scale of
their feeding. In this study, we capitalized on longitudinal data from a population of bottlenose
dolphins to investigate the drivers of their fine-scale movement and habitat selection patterns.
Our method using small aerial drones for dolphin observations and fine-scale tracking of group
movements revealed differences in activity patterns of dolphin groups depending on location and
habitat. FPT analysis of dolphin paths indicated dolphins adopt ARS behaviors at multiple scales
and confirmed foraging behaviors were associated with areas most intensely used by dolphins.
These findings confirm our hypothesis that seagrass/sand boundary habitats represent critical
habitat for feeding dolphins where their time allocation and intensity of their search occur in
small areas (range of radii = 10–115 m) relative to their home range and regular daily
movements.
In drone-based group follows, dolphin spent different amounts of time engaged in
activities across different areas within the lagoon and different habitats supporting our hypothesis
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of habitat selection preferences at the scale of their lagoon habitats. Dolphin movement
trajectories during these activities were spatially clustered and sinuous and clustered in certain
areas while more dispersed and straighter and more directional in other areas indicating preferred
areas of usage for specific activities. Dolphins fed the most and for the largest proportion of time
in an area on the east side of the atoll directly west of a large channel connected to the sea
through the surrounding fringing reef (Figure 3.1d). This area was dominated Socializing,
traveling, and resting occurred throughout the study site, with dolphins spending the most time
socializing in the inner lagoons dominated by dense seagrass beds and numerous mangrove
cayes. Bottlenose dolphin activity types and budgets are reported to differ based on habitat type
and group size based on numerous factors (Quick & Janik, 2008). Foraging hotspots were
identified in the habitat selection of bottlenose dolphin
ARS behaviors and habitat selection at a fine scale
FPT analysis of dolphin trajectories revealed dolphins adopted ARS behaviors at multiple
spatial scales in different activities supporting the nested hierarchical patch structure of their
habitat selection. The number of ARS behaviors and scale of search effort differed depending on
the radius size used in FPT analysis. Most ARS behaviors were detected when the radius of
search was 5 m, at small scales (median = 27 m; range = 10–115 m), evident in the presence of 1
or 2 peaks of FPT variance plotted relative to search scale. As the search radius increased (r = 20
m and 50 m), most fine-scale ARS behaviors went undetected, resulting in the detection of fewer
ARS behaviors with larger scales of search (median = 108 m; range = 55–150 m). These results
suggest that like the paths of feeding seabirds traveling from colonies to offshore feeding sites
(Weimerskirch & Pinaud, 2007), nested ARS patterns of predators (indicative of their habitat
selection preferences at different hierarchical scales) are often masked by ARS behaviors at
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larger scales. The spatial scale of dolphin ARS zones here was similar in range to previous
reports of dolphin search during ARS but with more search at finer-spatial scales. Bottlenose
dolphin movement paths from Moray Firth, Scotland analyzed for FPT displayed search radii of
50 m and intensive search areas under 300 m in radius in areas where dolphins fed (Bailey &
Thompson, 2010). Peale’s and Chilean dolphin targeted their search in ARS zones with radii of
less than 130 m, likely driven by their preferences for feeding on prey that inhabit nearshore kelp
forests (Viddi et al., 2010). Investigations into the ARS behavior in marine predators like
seabirds provide similar evidence for preferences for feeding in prey patches at nested scales of
tens to hundreds of meters depending on patch quality and prey density (Hamer et al., 2009).
ARS behaviors were detected during all states but varied in their scale of search and FPT
variance across activities. Most ARS behaviors were detected during foraging trajectories,
producing higher absolute values of FPT variance associated with the sharpest peaks plots of
FPT movements and smallest scales of search effort (mean = 50.8). Resting produce numerous
relative peaks and sharp peaks but with low absolute FPT variance values and smaller scale
search effort (mean = 42.5 m). In contrast, traveling produced the most relative peaks but with no
sharp peaks, low absolute FPT variance values and larger scale search radii. Socializing paths
had the fewest relative peaks, no sharp peaks. High FPT during feeding is consistent with
findings on ARS movements associated with feeding vs. non-feeding spatial patterns of marine
predators (Weimerskirch & Pinaud, 2007; Bailey et al., 2019). A benefit of our drone-based
approach was the ability to continuously observe dolphins at the water’s surface and subsurface
and to quantify their activity budgets concurrent with spatial tracking of group movements that
allowed us to evaluate how FPT variance varied across activities. The clear shallow waters of the
study site were critical to the success of this approach as in most oceanic habitats, typically
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cetaceans are only visible for short durations at the surface and are quickly lost from sight when
they dive (Ramos et al., 2021c).
Dolphins allocated the highest proportion of time feeding in relatively small areas with
patchy seagrass beds and boundary habitats, concentrating more effort searching in these areas
than surrounding regions. In support of our second hypothesis, these fine-scale ARS zones
occurred primarily in small areas with a high proportion of boundary habitats during foraging
behaviors. Most foraging was documented in an area with a highly heterogeneous substrate on
the eastern side of the lagoon that contained a high proportion of habitat classes clustered in a
relatively small area compared to the Central Lagoon. The detection of ARS behaviors in these
habitats builds on previous findings regarding the preferential selection of these habitats for
feeding by local dolphins (Eierman & Connor, 2014). Eierman & Connor (2014) also found
dolphins at Turneffe Atoll fed disproportionately higher in boundary habitats where seagrass met
sand flats and hypothesized the high abundance and accessibility of prey in these regions may
drive this preference. For dolphins that have learned tactics to forage for prey primarily in a
seagrass substrate and may use their sounds to hunt for hidden prey and to drive them out of
hiding (Ramos, 2014), the high proportion of these patches of dense seagrass beds bordering
sand beds may represent the ideal locations for targeting prey in this region. In the most used
habitat, dolphins concentrated their movement along bathymetric gradients, moving along the
borders of seagrass beds, boundary habitats, macroalgal mats, and sand bottoms. Their repeated
recursive movements in these areas appear to be the result of dolphins traveling between
different feeding patches in the same region, repeatedly traveling the same paths along the edge
of bottom habitats while navigating to known feeding sites.
Accuracy of identified spatial scales of search

135

DRONES ADAPTED FOR COASTAL MARINE MAMMALS
The spatial scale of dolphin foraging activity measured in aerial drone imagery was
similar to the scale of search effort in ARS behaviors identified by FPT analysis of paths,
confirming ARS zones match the scale of dolphin feeding activity. ARS behaviors were
generally larger than the spatial extent of search directly measured from aerial drone video,
likely due to the higher spatial precision of the radius of foraging movements acquired from
aerial imagery. Dolphin trajectories were lower in spatial resolution because of the focus on
group dynamics for creating trajectories, primarily in the use of the centroid of the group to
identify spatial locations. Despite this, the detection of ARS search behaviors at the scale of
dolphin feeding movements indicate the sensitivity of our spatial analyses of drone-based
trajectories of dolphin group movement was sufficiently high to reliably capture the spatial
dimensions of foraging behavior.
The nested fine-scale ARS behaviors we detected during dolphin bottom feeding were
concentrated within seagrass beds that function as habitat for an abundance of fish and
invertebrate prey of dolphins. The multiple scales of search within foraging trajectories were
likely the result of dolphins decreasing and expanding their radius of search during foraging in
pursuit of individual prey. As feeding would actively decrease the density of the prey patch as
dolphins feed, dolphins were observed concentrating their effort in a smaller area in pursuit of
prey and moving across the group search radius. Dolphins likely respond to the detection of prey
in high densities during bottom feeding by increasing their search effort at prey locations due to
the higher probability of encountering prey within that patch. The detection and pursuit of prey
triggered the initiation of ARS behaviors and high dive rates within these search areas in
northern gannets (Morus bassanus) (Hamer et al., 2009).
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Most of the dolphins observed feeding in this study fed by bottom grubbing in seagrass
habitats. We previously documented this behavior as one of the primary feeding tactics in these
dolphins during which they produce stereotypes burst-pulsed calls while orienting their rostrums
in the seagrass, likely facilitating prey capture by driving prey from their seagrass refuges
(Ramos, 2014). The choice to concentrate their feeding effort in these areas is likely driven by
their development of specializations for targeting and hunting fish in seagrasses. In specializing
on specific prey in seagrass boundary habitats, dolphins are likely exploiting the benefits of a
reliable, spatially bound resource patch, increasing their likelihood of revisiting the same site.
Most trajectories of dolphin foraging were gathered over two weeks in July of 2016 during
which the most foraging was detected. The heavy overlap of ARS zones and their concentration
in a small area suggests these habitats or of high importance to local dolphins. Like dolphins in
other coastal habitats (e.g., Allen et al., 2001; Torres & Read, 2009), dolphins at Turneffe have
adapted to local habitat conditions that guide their decisions to prioritize visiting areas of high
prey density.
The fine-scale selection of feeding habitats and movement dynamics in the lagoons near
the windward opening to the Caribbean Sea was likely influenced by the dynamic oceanographic
conditions and complex habitat structure. The inner lagoons of Turneffe are largely homogenous
in the composition of bottom types, consisting of contiguous, dense seagrass coverage. In
contrast, areas with high proportions of seagrass/sand boundary habitats interspersed with sand
patches dominate the windward lagoons immediately west of a large channel that opens the
Caribbean Sea. These openings to the sea have strong currents that bring marine organisms into
the lagoons from the surrounding fringing coral reef system and the open sea, likely driving high
influx of potential prey fish species for dolphins. The identified feeding area lies between
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shallow waters dominated by bare and sandy substrates to its east, and deep waters of dense
seagrass beds to its west. Small prey fish take refuge in the seagrasses where dolphin
echolocation would be ineffective at the edges or boundaries of seagrass beds and other habitat
types. Multiple studies illustrated dolphin’s more intensive use areas important for feeding are
associated with regions at the boundary of different habitats and where preferred prey
concentrate (Bailey & Thompson, 2006; Hastie et al., 2003; 2004).
Dolphins inhabiting environments with spatially heterogenous resource distributions must
make critical decisions as to where to spend time and how to move through habitats depending
on the availability of important feeding areas. The heavy overlap of movement paths over
different fights in Harry Jones Cut and foraging overlapping with detected ARS behaviors on
different days over multiple years suggest dolphins employ their memory to return to preferred
feeding areas. Dolphins in the area display long-term residency to the atoll, of which the lagoons
serve as their core habitat, and display foraging specializations for feeding in these habitats.
Thus, these dolphins likely make decisions about where to feed and how to move through their
home range based on long-term memory of specific patchily distributed regions. Dolphin groups
exhibited avoidance of a large (400 m width) circular macroalgae patch in Harry Jones Cut while
their movement paths and feeding activities were heavily clustered in the seagrass and boundary
habitat surrounding the patch. This area is shallow (<1 m) but passable by dolphins that regularly
use habitats of similar depths in other areas of the study site. Given the high number of flights in
the area, spatial accuracy of our dolphin group tracking, and the detection of ARS behavior in the
area surrounding this habitat, these findings suggest it is more likely that foraging dolphins
prioritize moving through areas where the probability of feeding success is higher based on
previous experiences, rather than actively avoiding these areas.
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Relevance to conservation
Our findings provide important insights into the drivers of dolphin habitat selection
needed by reserve managers to implement spatially explicit guidelines and regulations to protect
bottlenose dolphins and their critical habitats at TAMR. While dolphins are protected from harm
in Belize under the Wildlife Protection Act of 1982 and by the regulations at TAMR, there are no
specific protections in place to mitigate natural or anthropogenic impacts to their populations.
The fine-scale habitat selection we observed in bottlenose dolphins in seagrass habitats, coupled
with findings from previous studies of this population (Eierman & Connor, 2014), suggest
seagrass and seagrass boundary habitats represent critically important feeding areas for dolphins
in the reserve. Our results revealed dolphins preferentially selected feeding habitats in the eastern
side of the lagoon between the mangrove-channel entrance to the Central Lagoon and a large
oceanic cut.
Unexpectedly, these areas were clustered heavily in the path of the heaviest marine vessel
traffic for vessels entering and exiting the atoll. This traffic includes local motorboats traversing
the lagoon and reef habitats of the atoll and commercial vessels traveling through the atoll as a
shortcut to and from Lighthouse Reef Atoll (E. A. Ramos, Unpublished data). Though no studies
have been conducted in the area to assess the risk of boat impacts to local marine megafauna,
tour boats are recognized as causing significant threats of impacts through behavioral disturbance
(Lusseau, 2003). These impacts range from short-term impacts to dolphin behavior (e.g., changes
in whistle structure; May-Collado & Quiñones-Lebrón, 2014) to long-term population decline
(Bejder et al., 2003). At Turneffe, we regularly document dolphin disturbance responses to our
research vessel and others. For example, on three occasions during flights in which the drone
was over the dolphin group while the boat was several hundred meters away, we observed
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dolphins cease foraging and briefly orient to the vessel as we approached them slowly. In all
cases, the dolphins ended their feeding, and with no visible surface cues to the boat-based
observers but clear in aerial drone video, they changed their direction to travel back the direction
they had just come from. Thus, this region should be considered critical habitat for dolphins
where boating speeds and activities are regulated and regularly monitored to mitigate possible
impacts of boat traffic to dolphins.
Limitations and future directions
Despite the numerous logistical and methodological limitations of our study design, our
results present strong evidence for the value of applying novel remote sensing methods to studies
of marine predators. The inability to reliably distinguish different individual dolphins over time
in aerial video prevented focal follows in which animals could be reliably tracked for more than
a few surfacings, particularly in groups of 3 or more animals. Due to our limited survey coverage
of the atoll in 2015 and 2017, we are not able to reliably predict dolphin behavior outside of our
surveyed regions with our dataset. However, given the extent of our historical knowledge on
animal distribution in the area and individual site fidelity, we feel comfortable that these areas
may be representative of the kinds of behaviors dolphins have developed in similar habitats
throughout the atoll.
Our findings provide support for the use of drones to examine fine-scale spatial
movements of dolphins and demonstrate their strength in testing hypotheses regarding their
habitat selection and use of critical habitats. Future studies would benefit most from flying
drones back-to-back to create trajectories for numerous sequential flights without losing track of
the dolphins between flights. With numerous flights over a group of dolphins continuously
tracking their activity for hours would dramatically improve the ability to capture the dynamics
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of dolphin movement at a fine scale while also accounting for the larger-scale movements typical
in dolphin activity. For example, our measurement of the time dolphins spent in ARS zones was
limited by the 18 min maximum flight time imposed by each battery, thus, dolphins likely spent
substantially more time in ARS than detectable within a single drone flight. The improvements
will come in part with advancements for drone sensor technology and lowering costs of these
systems. Pairing animal borne sensor studies using satellite tags for tracking the movements of
photo-identified dolphins to assess their ranging patterns (e.g., Balmer et al., 2021) with dronebased trajectories of animals and high-resolution imagery of their behavior would improve the
capacity to parse patterns in the activity of individuals and groups at multiple scales. The
development of methods for concurrent tracking of the individual movement of multiple animals
would be useful to test if all animals within a group exhibit similar movement types or
concentrate different levels of effort that were engaged in the same activities.
Conclusions
Our findings illustrate the habitat selection and fine-scale movement patterns of dolphins
inhabiting the shallow water lagoons of Turneffe Atoll are, at least in part, driven by their
preference for feeding in specific habitats and at different hierarchical scales within their
heterogenous ecosystems. These decisions influence dolphin activity and movement patterns at
multiple ecological scales, and are detectable through drone-based behavioral follows, enabling
explicit tests of area-restricted search theory in these long-lived marine predators. Our findings
indicate dolphin habitat selection preferences are reflected in their activity budgets and
differences in their movement patterns across behaviors and habitat types. Paired with long-term
data on local populations, this novel methodological approach opens avenues of research with
marine species previously limited to studies using animal-borne tagging of animals or land-based
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detection and tracking. These results highlight the importance of specific habitats to dolphin
feeding in a marine protected area that can be used to guide conservation initiatives towards their
long-term preservation.
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Final Conclusions
Integrating novel technologies into the toolbox of marine ecologists and conservationists
presents new opportunities. Rapid development of remote sensing methods like animal borne
tags and aerial drones has the potential to provide the ability to glean insights into the lives of
marine megafauna. In many cases, the information they gather are not only novel in the
perspectives they provide on animal activity, but they also require the development of a suite of
methods to effectively capture and process data for scientific purposes. In addition, to satisfy the
needs of permitting agencies and to ensure the non-invasive use of new methods applied to wild
populations, explicit tests of their possible negative impacts to animals are needed in tandem
with examples of their successful application to hypothesis driven research.
In this dissertation, I explored various applications of small Unmanned Aerial Systems to
the study of coastal bottlenose dolphins and Antillean manatees in the Caribbean waters of
Belize. In the time since we began this work, drones have become a standard tool for
investigators of marine megafauna. Their application to dozens of different scientific questions
and their use in an abundance of scientific publications has ensured their prominent role in
marine science and wildlife monitoring.
Our study of dolphin and manatee reactions to small drones was the first of its kind to
attempt to identify and characterize the responses of these species to overhead flights with multi
rotor aircraft. However, since then multiple studies have built on these findings in captivity with
manatees (Landeo-Yauri et al 2021), and with bottlenose dolphins in the wild (Fetterman et al
2019?). The results of these investigations reinforce our findings that caution is needed when
operating drones around these species, with manatee disturbance responses representing some of
the strongest negative effects documented to date with marine megafauna. In contrast, the
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plethora of studies using drones for studies of dolphins and whales have provided little evidence
for any harmful impacts of their use to target species, with disturbance responses rarely reported,
if at all (e.g., brief attention from a blue whale reported in Dominguez et al. 2019). Pinnipeds and
other marine species such as seabirds, similar to manatees, appear much more sensitive to risks
of disturbance than cetaceans (e.g., Pomeroy et al 2017: cite recent bird study), warranting more
caution with these taxa. In air sensitivity to drone noise for fully aquatic marine mammals like
cetaceans and sirenians is thought to be minimal, whereas terrestrial species and marine
mammals that spend time on land, hear well in the frequency range of drone rotor noises (cite
recent noise study). As these tools take their place at the forefront of marine megafauna studies,
an emphasis on trialing their use in different environments and with various populations is a
critical component in their long-term adoption and success.
Our study illustrating the relationship between the activity and movement patterns of
dolphins and their habitat selection at multiple scales has not been realized with marine
mammals. However similar applications of tracking marine animal behavior, such as with
stingrays (Raoult et al 2021) and whales (Torres et al 2020), have demonstrated the power of
drones to reveal patterns of animal behavior in new environments unmatched without the use of
animal borne tagging. With rays and sharks that inhabit shallow water habitats, detailed tracking
of animal movement patterns, similar to our findings with dolphins, present strong evidence of
associations between species and their habitats in analyses of spatial characteristics of their
movement paths. For marine animals that spend most of their time at depths in deep water
habitats with poor subsurface visibility, these insights will ultimately be limited by their biology
and detectability. Thus, like all other methods used to study wildlife, drones are not a panacea
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but an important supplement to traditional methods offering novel potential to facilitate the
collection of important data.
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